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Preface

The largest largest source of freshwater lies in underground water. Rapid economic
and construction development makes engineering geological and environmental
problems of groundwater more serious. In many cases, such as soil deformation or
pit bottom bursting in foundation pit excavation, land subsidence by engineering
dewatering, quicksand, piping, or sand liquefaction in underground construction,
stability problem in bedrock area, corrosion of concrete and steel bar, etc.,
groundwater always plays a crucial role. These engineering geological, hydroge-
ological problems or construction disasters have been paid a substantial amount of
attention by researchers and engineers. A lot of new knowledge about groundwater
engineering has been accumulated over the past decades. Combined with the
engineering practice experience and the summary of construction lessons, the
prevention or alleviation of engineering geological and environmental problems
relevant to groundwater must be of greater significance and emergence.

The authors have been involved in the teaching and research work on ground-
water engineering for many years. For a textbook, it is an achievement on the
summary of previous basic knowledge and our practical engineering experience. It
also plays an important role as a most applicable education material for both senior
undergraduate and graduate students. The integration of theory and practice makes
it a professional textbook for related students. Moreover, it can provide valuable
references for technical staff and managers of engineering construction.

Involving several disciplines of engineering geology, hydrogeology, and
geotechnical engineering, this book mainly covers the general field of groundwater
from an engineering perspective, based on new research results in China and
abroad. The first two chapters provide theoretical aspects, such as basic theory in
groundwater and parameter calculation in hydrogeology. The large main part
introduces the problem caused by groundwater and dewatering construction design,
including geological problem and prevention caused by groundwater, construction
dewatering, engineering wellpoint dewatering method, dewatering well and dril-
ling, groundwater dewatering in foundation pit engineering, and groundwater
engineering in bedrock area. Chapter 9 presents approaches in computer modeling
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for groundwater engineering. Finally an introduction to groundwater corrosion on
concrete and steel is discussed in Chap. 10 as supplementary material.

I am grateful to have an excellent group of authors such as Prof. Yiqun Tang, Ph.
D. Jie Zhou, graduate student Jingjing Yan, Associated Prof. Ping Yang, Prof.
Nianqging Zhou, Associated Prof. Jianxiu Wang, and Assistant Prof. Guo Li.

Specifically, Chaps. 1 and 3—6 are written by Yiqun Tang, Jie Zhou, and Jingjing
Yan. Chapter 2 is organized by Ping Yang. Chapter 7 is mainly revised by Guo Li.
In Chap. 9, Jianxiu Wang has given the most contribution, while in Chap. 10, Jie
Zhou and Tang have made great efforts.

The re-edition, organization, and revision of the whole book have been done by
Yiqun Tang, Jie Zhou, Ping Yang, and Jingjing Yan. I am also very grateful to the
graduate students Chen Tang and Ph.D. Jie Zhou. They made a special effort on the
graphic drawing and processing work. The case study and exercises are organized
by Prof. Yiqun Tang, Associated Prof. Ping Yang, Ph.D. Jie Zhou, and graduate
students Jie Xu and Kai Sun.

The completion of the book was supported by the National Key Technologies
R&D Program of China through Grant No. 2012BAJ11B04, 12th five-year teaching
material planning program, and pilot program of comprehensive reform on major
higher education teaching quality and teaching reform project by the Ministry of
Education.

I also express our appreciation here since some basic material and knowledge is
referred from Handbook of hydrogeology of water-supply. Some notation has been
specifically marked in relevant texts. Some reference could not be correctly found
due to the long-time missing record. I apologise in case of minor inaccuracies,
which authors have not noticed. It should be noted that the copyright holder of the
materials on land subsidence data of Tokyo (Figs. 5.35-5.37) could not be traced
with proper credit, we would appreciate any information that could enable us to do
SO.

The experiments in this book were mostly conducted in the key laboratory of
geotechnical and underground engineering at Tongji University, Ministry of
Education. Ph.D. Qi Liu has done us a favor during the experimental design. All the
authors are appreciated for this.

This book will be an essential handy reference for industrial and academic
researchers working in the groundwater field and can also serve as a lecture-based
course material to provide fundamental and practical information for both senior
undergraduate and graduate students, who will need to work in the fields of geology
engineering, hydrogeology, geotechnical engineering, or to conduct related
research.

Shanghai, China Prof. Yiqun Tang
June 2015
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Chapter 1
Groundwater

Groundwater is the subsurface water in soil pore spaces or in the fractures of rock
formations. As the component of soil and rock mass, it plays important role on the
engineering behaviors of earth materials (soils or rocks), and it is also an essential
part of engineering environment. Its geological occurrence and seepage flow
influence the strength, deformation, stability, and durability of structures. Therefore,
groundwater is a significant element in geotechnical engineering or foundation
engineering area. In this regard, any soil or rock engineering evaluation without
considering groundwater is not available and comprehensive. In China, during the
discipline development and project practice in geotechnical engineering, the
knowledge of groundwater is far behind the international developed level.

1.1 Basic Concepts of Groundwater

1.1.1 Geological Occurrence of Groundwater

Water in soils or rocks occurs in many kinds of forms. According to the physical
and chemical properties, they are aqueous vapor, film adsorbed water, free water
(gravitational water), capillary water, and water in bulk (water in the solid state of
aggregation, such as ice).

1.1.1.1 Aqueous-Vapor Water

In soil engineering, this part of subsurface water occupies the voids in the soil or
rock above the groundwater table which is called phreatic water or soil moisture in
the unsaturated zone. It can be moved from the atmosphere into the voids, or can be
formed by evaporation of liquid water. The aqueous-vapor water can flow as air and
also can migrate from high humidity to low humidity places. It controls the
moisture distribution in soil or rock mass to some extent.
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Hygroscopic water + Film water +
Gravitational water

Fig. 1.1 Absorbed water and gravitational water

1.1.1.2 Adsorbed Water

The surfaces of loose soil particles carry a net negative charge. It attracts cations in
the water. This electrostatic adsorption forces become larger as soil is finer. Water
molecules act as a bar magnet with positive and negative charges in two ends.
Under the electrostatic attraction, they are clustered and can be attracted rigidly
around the surfaces of the individual soil particles, to form a very thin hull of film of
water. This water film is the adsorbed water, or called bound water as well
(Fig. 1.1).

Depending on the force of electrostatic adhesion on the particle surface, the
adsorbed water can be also divided into strongly adsorbed water and loosely
adsorbed water. The strongly adsorbed water is called hygroscopic moisture. The
hygroscopic moisture film is known to be bound or attached rigidly to the soil
particles with an immense physical force up to about 10,000 atmospheres. Thus this
hygroscopic soil moisture film is densified akin to solid state with high density of
2 g/lem?®. Tt has large viscosity and elasticity. Hygroscopic moisture is not in union
with the groundwater. Therefore, it does not take part in the fluctuation of the
groundwater table, or does it transmit hydrostatic pressure. It can only be removed
by drying the soil particles at +105 °C, resulting as aqueous vapor. The loosely
bound water is known as film moisture. It is slightly away from particles as a hull or
film upon the layer of the hygroscopic moisture film. It is composed of the main
part of the water film. Its density is the same as the free water but with large
viscosity. Film moisture does not transmit externally applied hydrostatic pressure,
nor can be affected by gravity, but in case of upward migration, it is stressed,
however, in the sense of soil moisture tension. This kind of moisture translocates
very slowly. It moves in the form of a liquid film from points of higher potentials
(heat, electric) to lower ones, from greater concentrations to smaller ones, and from
points of thicker films to thinner films (Fig. 1.2).

Providing the film moisture is greatly stressed, and it can be removed from
the particle surfaces and transformed into gravitational water. Therefore, during the
exploitation of confined aquifer in loose sediment, the film moisture of soils within the
embedded clay layer or aquitard may be transformed into gravitational water. It must
be paid attention since the water quality and quantity may both have some influence.
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Fig. 1.2 Film movement of
loosely bound water

1.1.1.3 Capillary Water

Capillary water is that soil moisture which is located within the interstices and voids
of capillary size of the soil above the groundwater table. Capillary movement in
soils is the movement of the soil moisture through minute pores between the soil
particles. The minute pores serve as capillary channels through which the soil
moisture rises above the groundwater table. The rise takes place and the liquid is
held by means of a force called the surface tension force of the meniscus at the top
of the water column in a capillary tube, or by surface tension forces plus the effect
of gravity. Capillary water is hydraulically and continuously connected to the
groundwater table or to a perched groundwater table, and can be raised against the
force of gravity. For capillary of rise in soil to exist, this height is called the
capillary rise height, thus capillary-saturated zone between groundwater table and
the plane of meniscus is known as closed capillary fringe. It contains no air and the
thickness depends mainly on the fineness of the soil particles. The larger the pore
size, the lesser the height of rise or lesser the capillary fringe.

Between the aeration zone and the closed capillary fringe, there is the so-called
open capillary fringe, i.e., the air-containing capillary zone in a perched ground-
water. In addition, pore corner or neck moisture is the annular moisture wedge held
by the concave meniscus or rather surface tension forces, in the angularities formed
by the points of contact of the soil particles. Capillary water can transmit static
water pressure and is able to be absorbed by plant roots.

Capillary water cannot be drained away by means of drainage systems installed
within the capillary fringe, but it can be controlled by lowering the groundwater
table. The drainage system must be installed in the groundwater to pull it down
together with the capillary fringe, thus controlling the capillary height to which the
capillary water can rise. Capillary water can be removed from soils by drainage
only when the quantity of water present in the soil is in excess of that retained by
surface tension forces.
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1.1.1.4 Gravitational Water

Gravitational water is the water which is in excess of the amount of moisture the
soil can retain. It translocates as a liquid and it can be drained away by the force of
gravity. It transmits hydraulic pressure.

1.1.1.5 Solid Water (Water in Bulk)

When the soil temperature is below the freezing point of water, the pore water
within soils is frozen as solid. The solid water is mainly distributed in the mountains
above the snow line and some cold regions, where the shallow groundwater exists
as solid water throughout the year.

Aqueous water, adsorbed water, capillary water, and gravitational water are
vertically distributed in the shallow subsurface soil. When drilling a well in the
loose deposits, initially there exists aqueous water and adsorbed water in the dry
soils. Subsequently, wet soil can be observed. It reveals the existence of capillary
water. Much deeper, water can be found to flow into the well and forms the
groundwater surface. This is the gravitational water (Fig. 1.3).

As shown in Fig. 1.3, along the soil profile, area from stable groundwater table
to soil surface is known as zone of aeration, including aqueous water and adsorbed
water; and some perched gravitational water and open capillary water fringe fol-
lowed; and then some capillary water close to the groundwater surface. Below the
groundwater surface, it is the main zone of saturation, where gravitational water is
mainly located (Fig. 1.3).

1.1.2 Hydraulic Properties of Earth Materials
and Groundwater

1.1.2.1 Specific Storage (Water Storativity)

In a saturated porous medium that is confined between two transmissive layers of
rock or clay, water will be stored in the pores of the medium by a combination of

T8 TSRS Aqueous water
-+ Adsorbed Water} Aeration zone
L Capillary water

Saturated
zone

Gravitational
. water

Fig. 1.3 The vertical profile of different water occurrences
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two phenomena; there are water compression and aquifer expansion. As water is
forced into the system at a rate greater than it is being extracted, the water will
compress and the matrix will expand to accommodate the excess. In a unit volume
of saturated porous matrix, the volume of water that will be taken into storage under
a unit increase in head, or the volume that will be released under a unit decrease in
head, is called specific storage us. It is shown in Eq. (1.1):

ps = pg(o+np) (1.1)

where

o is aquifer compressibility; p is fluid density; n is porosity;

g is a gravitational acceleration; f§ is water compressibility.

This unit has the dimension of 1/L and is quite small, usually 0.0001 or less. The
storage efficient of an aquifer, or simply, the storativity p* is given as pu* = bu,
where b is the saturated thickness of the aquifer. Storativity is defined as the volume
of water per unit aquifer surface area taken into or released from storage per unit
increase or decrease in head, respectively. It is a dimensionless quantity. In confined
aquifers, the value of storativity ranges from 0.005 to 0.00005.

1.1.2.2 Specific Retention (Water Retentivity)

In unconfined porous media, gravity drainage will proceed until the forces of
surface tension and molecular attraction to the matrix grains become equal to the
force of gravity. Water retention refers to water capacity after gravity drainage.
Under the influence of gravity, the water retained in the pores includes adsorbed
water and partial perched capillary water or pore capillary water. Specific retention
S¢ is used to evaluate the ability of water retention. It is the ratio of the volume of
water retained in the pores to the total matrix volume (transmissive layer), and it can
be expressed as decimal or fraction as follows:

Vin Vin
W, Vo W, T 00 % (1.2)

where W, is the specific retention, decimal or fraction; and V,, is the water volume
retained in pores under gravity drainage, m°>.

According to the modes of water retention, it can be divided into capillary water,
specific retention, and adsorbed water-specific retention. Generally, the adsorbed
water-specific retention is used, which is the ratio of maximum water capacity
retained in pores to the total matrix volume. It depends on the particle size. In
common, the smaller the pore size, the larger the specific surface area and the
higher the amount of adsorbed water; so that the larger the specific retention.

Table 1.1 presents the specific retention values of loose soils.
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Table 1.1 The specific retention values of loose soils

Soil type Coarse | Medium | Fine Very fine | Loam Clay
sands sands sands sands

Particle size (mm) 2-0.5 [0.5-0.25 |0.25-0.1 |0.1-0.05 |0.05-0.002 |<0.002

Adsorbed water-specific | 1.57 1.6 2.73 4.75 10.8 44.85

retention (%)

1.1.2.3 Specific Yield (Water Yield)

Water yield refers to the water capacity draining from a saturated porous matrix
under gravity, in unconfined porous media. Water releases from the saturated
porous media under the influence of gravity when decreased in water head. In
unconfined porous media, that is, where there is no overlying confining cover,
storage of water in its upper part is defined as specific yield p. This is the ratio of the
volume of water that drains from a saturated porous matrix under the influence of
gravity to the total volume of the matrix, per unit drop in the water table. Specific
yield is normally much greater than specific storage, as water released from elastic
storage leaves the pores still saturated. Specific yield is often in the range of 0.2—
0.3, or three to four orders of magnitude greater than elastic storage.

_ Ve

Vg
—= 1 1.
- £ % 100% (1.3)

W=, or p
where Vy, is the water amount released from a saturated porous matrix, per unit drop
in water table.

Specific yield first depends on the void sizes of rock or soil, and then is the
amount of voids. The values of different loose soils are presented in Table 1.2.

In the upper parts of an unconfined porous medium, where elastic storage is not
significant, the sum of specific yield and specific retention equals porosity
w+ Wy =n.

When an unconfined porous medium is very thick, the lower parts of the medium
may also contain water under elastic storage, owing to the increase of pressure and
consequent water compressibility and matrix expansion with increasing depth. In
this case, the total storativity of the medium is expressed as u* = pu+ bu.

Field capacity is used to describe essentially the same phenomena as specific
retention, but it is normally used in agricultural soil moisture studies. It is a function
not only of specific retention, but also the evaporation depth and the unsaturated
permeability of the soil.
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8 1 Groundwater
1.1.2.4 Coefficient of Permeability (Water Permeability)

Permeability is defined as the property of a porous material which permits the
passage or seepage of fluids such as water. Various soils have different perme-
abilities. Theoretically, all soils are more or less porous, in practice the term
“permeable” is applied to soils which are porous enough to permit the flow of water
through such a soil. Conversely, soils which permeate with great difficulties are
termed “impermeable.” Generally, the permeability depends on the resistance to
flow offered by the soil, through which the flow takes place. The resistance to the
flow depends upon the type of soil, size, and shape of the soil particles (rounded,
angular or flaky), the degree of packing (density of soil), and size and geometry of
the voids. Also, it is relevant to temperature of water (viscosity and surface tension
effects). In addition, coarse-textured soils (such as gravel, sand, etc.) are more
pervious than fine-textured soils (silt, clay). The smaller the grain particles and pore
voids, the poorer the permeability. Although clay has relatively high porosity, up to
50 %, the pores are occupied by absorbed water. It is really hard for the movement
of free water. Thus clay is called as impermeable layer.

1.1.3 Agquifers

Groundwater occurs in many types of geologic formations; those known as aquifers
are of most importance. An aquifer may be defined as a formation that contains
sufficient saturated permeable material to yield significant quantities of water to
wells and springs. This implies an ability to store and to transmit water; uncon-
solidated sands and gravels are a typical example. Generally, aquifers are really
extensive with well-developed inter-connecting voids and good permeability, such
as various sands, gravel, and hard rock with fissure and karst caves. Aquifers may
be overlain or underlain by a confined bed, which may be defined as a relatively
impermeable material stratigraphically adjacent to one or more aquifers. Clearly,
there are several types of confining beds:

Aquiclude—a saturated but relatively impermeable material that does not yield
appreciable quantities of water to wells, such as clay.

Aquifuge—a relatively impermeable formation neither containing nor trans-
mitting water, such as solid granite.

Aquitard—a saturated but poorly permeable stratum that impedes groundwater
movement and does not yield water freely to wells, and may transmit appreciable
water to or from storage zone, such as sandy clay.

An aquifer first should be a permeable stratum. It is the saturated part of a per-
meable stratum below the groundwater table, and the unsaturated part can be a
permeable stratum without containing water. Thus, a permeable stratum can be an
aquifer, such as alluvial gravel aquifer, or unyielding permeable stratum, such as talus
sandy loam. It can be one part as the aquifer below the groundwater table and the other
part is unyielding permeable stratum above the groundwater table (Fig. 1.4).
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Fig. 1.4 Aquifer and 4 4 &
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An aquifer or aquiclude is relatively defined. The boundary between these two
terms is not so determined and clear. Actually, they relatively exist. Such as the
embedded silt sand layer within the river bed alluvial coarse sand layers, it can be
regarded as aquiclude. While if it is embedded in the clay, it must be considered as
aquiclude. Therefore, there are different meanings under different geological
circumstances.

The relativity of aquifers is also reflected on real value of the water yielding
amount, i.e., whether it can meet the actual needs of exploitation or whether it
harms the mining engineering projects. Red sand mudstone is an example. It has
small yielding capacity. Compared with the gravel pore water or limestone karst
water, it is so rare that could not make any sense for the water supply and mining
filling water. So, here it can be regarded as aquiclude. However, as for the rural
area, it is lack of water mostly, where drilling well for water can solve the domestic
water supply and also as part of the irrigation water, this red sand mudstone can be
meaningful aquifer.

In addition, transformation between aquifer and aquiclude happens in the layers
of aquitard, such as sandy clay. Usually, it is a good aquiclude, and when this kind
of soil is located in deep underground with large hydraulic gradient, leakage
recharge may also occur and provide appreciate quantities water to become an
aquifer.

1.2 Types of Groundwater

1.2.1 Buried Conditions

The buried condition refers to occurrence of all the aquifers in the subsurface soil
geological profile. Based on this, the groundwater can be divided into three types:
perched water, phreatic water, and confined water.
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1.2.1.1 Perched Water

The aeration zone, also termed the vadose zone, unsaturated zone, is the part of
earth between the land surface and the top of the phreatic zone, i.e., the position at
which the groundwater is at atmospheric pressure. Hence, the aeration zone extends
from the top of the ground surface to the water table. When local aquitard exists in
the aeration zone, some gravitational water accumulated above a perch water table;
this kind of water is called the perched groundwater. Runoff water, seeping into the
soil, may also be trapped in depressions in pocket of moraine clay located below
ground surface in permeable sand, thus forming a perched groundwater. The
amount of groundwater accumulated depends upon the season and rate of evapo-
ration from the depression in the direction of ground surface. Generally, the perched
groundwater is accumulated in rain seasons and gradually dried in dry seasons.
When the distribution area is very small and could not be often supplied, the water
amount could not be retained all over the year. The perched groundwater table
fluctuates obviously due to the small water amount. It can only be the small water
supply in the water-deficient area or temporary water supply. At the same time, the
contamination circumstance should be paid attention since the really short path
from the surface water supply.

1.2.1.2 Phreatic Water

The water in an unconfined aquifer, which has a free upper groundwater table, is
called phreatic water (Fig. 1.5). There is no upper confining bed in phreatic water or
only local upper confining bed (if it has). The upper surface in such a zone is called
phreatic groundwater table. The distance from this phreatic groundwater table to
lower confining bed is called the phreatic aquifer thickness. The distance from the
ground surface to the phreatic groundwater table is the phreatic buried depth.
Since the phreatic water is connected directly with the aeration zone, the water
amount within the whole range of phreatic zone can be supplied by the atmospheric
precipitation, surface water, or condensated water. The phreatic water has free

s
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Fig. 1.5 Phreatic water, confined water, and perched water. / aquiclude; 2 aquifer; 3 saturated
zone; 4 Phreatic water table; 5 confined pressure piezometric level; 6 spring; 7 well, solid line
means no water entry along the wall; a perched water; b phreatic water; ¢ confined water
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groundwater table without confining pressure. The movement of the groundwater in
this zone along a slope is downward, because it is subjected to the gravitational
force only. The drainage of phreatic water has two ways: one is the runoff to the
appropriate terrains, such as spring, drainage exit, and converging into surface
water. This is called runoff discharge. Second is evaporation into the atmosphere
through aeration zone or plant roots.

1.2.1.3 Confined Water

A confined aquifer is a water-bearing stratum that is confined or overlain by an
impermeable layer that does not transmit water in any appreciable amount. They
probably are few truly confined aquifers, because tests have shown that the con-
fining strata, or layers, although they do not readily transmit water, over a period of
time contribute large quantities of water by slow leakage.

Confined water is confined groundwater under hydrostatic or pressure head (a
permeable water-bearing soil layer or aquifer sandwiched between impermeable
zones above and below it). The top aquitard of confined aquifer is the upper
confined bed or confined bed. Bottom aquitard is called lower confined bed. The
distance between these two confined beds is the thickness of confined aquifer.

Water pressure resistance is an important feature of confined aquifer. Figure 1.6
shows synclinal basin bedrock. The central part of the aquifer is buried beneath the
impermeable layer. Two ends expose at the surface. The water supply is provided
from higher exposure and discharge at the other side. Water from the recharge area
flowing into the confined area is subjected to the confining pressure due to the top
aquitard. Conversely, the water pressure is conducted on the upper confined bed as

Recharge ~ Confined water area Discharge

¢ ¢ ¢ Artesian zone

Fig. 1.6 Confined water. / confining bed; 2 aquifer; 3 groundwater table; 4 groundwater flow
direction; 5 spring (confined spring); 6 borehole (dash line is the water-entry part); 7 artesian
exposure; 8 precipitation recharge; H—confined pressure head; M—thickness of the aquifer
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well. To confirm the confining pressure of water is not difficult. When borehole is
drilled into the confined aquifer, the water table will raise to a certain location
higher the top aquitard. The height which exceeds the hydrostatic level is the
confined water head. The static water level in the borehole is the piezometric level
at this location. It is higher above the surface, thus the water is artesian when drilled
to exposure. So the confined water is also known as artesian water.

1.2.2 Agquifer Characteristic

Based on the aquifer medium types, the groundwater can be divided into pore
water, fissure water, and karst water.

The void space in the aquifer is the storage site and transport channel for
groundwater. Thus the void characteristics determine the storage, transport, and
accumulating properties.

1.2.2.1 Pore Water

Pore water is distributed in a variety of loose Quaternary sediments. The main
feature is good uniformity and continuity of water quantity in distribution. There
exists good hydraulic connection within the same aquifer characterized by con-
sistent groundwater table.

1.2.2.2 Fissure Water

Fissure water is the groundwater located in the fissured bedrock. The distribution
and accumulation is relevant to the fissure development and mechanical properties
of rock. The water amount can be very huge in the well-developed fissured rock.
Conversely, it is very rare. Thus there may be large fluctuation in the water amount
even in the same rock structure. Nonuniformity is the feature of fissure water in
distribution. This property may make great difference on the aquifer yielding
amount even two very close boreholes.

1.2.2.3 Karst Water

The groundwater retained and transported in the soluble karst rock voids is called
the karst water. It can be phreatic water or confined water, depending on the buried
condition.

The spatial distribution of karst water varies greatly, even more uneven than the
fissure water. It can be accumulated in a karst cave to form a water-rich region. Or
in some other place, it can flow away along the karst pore channels, to make serious
water shortage.
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Table 1.3 Groundwater categories

13

Aquifer Pore water Fissure water Karst water
medium
type
Aeration Vadose water, seasonal Seasonal gravitational Seasonal gravitational
zone perched gravitational water and capillary water in upper karst
water water above local water in the shallow channels of exposed
aquitard (perched fissured rock karst formation
groundwater); perched
capillary water and
gravitational water
Phreatic Water in variety of Water exposed in all Water exposed on the
water shallow loose deposits kinds of shallow surface of karst
fissured rock formations
Confined Shallow water retained Water in all kinds of Water in all kinds of
water in the loose deposits in fissured rock covered Karst formations

the Mountain basins and
plains

by the synclinal
structure, structural
basin, fault rock block

covered by the
synclinal structure,
structural basin, fault
rock block

In the combination of these two classifications, groundwater can have nine
categories as shown in Table 1.3.

1.3 Groundwater Movement

Groundwater exists in the voids of rock or soil mass in a variety of meanings
(hygroscopic water, film water, capillary water, gravitational water, etc.). Except
hygroscopic water, other types of water are all involved in the activities of aeration
zone and saturated zone. Even though the film water could not move under gravity,
it can transmit hydrostatic pressure and move under a certain high water head.
Loam and clay layers can be aquitard under high water head difference. Previous
research is mainly concentrated in the movement of gravitational water in saturated
zone. In practice, some problems about the groundwater movement in aeration zone
(even hygroscopic water) should be paid attention.

1.3.1 Basic Concepts

1.3.1.1 Hydraulic Head

Considering a representative element volume (REV) A (Fig. 1.7) under the
groundwater table in the soil, where all the pores are hydraulically connected and
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Fig. 1.7 Groundwater head Piezometric tube

. . Ground surface
in soil |

_Groundwater table

Baseline surface

saturated, the water in A has hydrostatic pressure u,. If one piezometric tube is
connected into A, the water surface will rise to a certain height until the weight of
the water in tube equals to uy, i.e.,

or
Uy =Py - Py (1.5)

where 7, is the unit weight of water, kN/m>; hy, is the height from A to the
piezometric tube water surface, which is usually known as piezometric water head,
m; and u,, is the hydrostatic pressure, also called pore water pressure, kN/m?.

Here, three water heads should be distinguished: pressure head h,,, elevation
head Z, and the total hydraulic head H. Elevation head refers to the distance of the
reference point above a datum plane (normally mean sea level, Fig. 1.7). Total head
H is defined as the sum of the elevation head and the pressure head, i.e.,

H=hy+Z (1.6)

Generally, the water flows from high water head to low water head, where the
water head refers to the total head, neither the pressure head nor elevation head. In
Fig. 1.7, though hya > hyg, Zg > Za, there is no groundwater movement due to
Ha = Hg. When considering the pore water pressure u,,, the pressure head should
be paid attention, since its value can be negative or positive, depending on the
position. When at the groundwater level, A, = 0 thus uy, = 0. u,, linearly changes
along the depth. The total head is also termed as piezometric head since the velocity
head can generally be ignored due to the really slow water movement.
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1.3.1.2 Hydrodynamic Pressure

Resistance exists in the water flow from the soil particles. Conversely, the soil
particles are definitely exerted pressure when water flows through. The total
pressure conducted on particle skeleton per unit is termed as hydrodynamic pres-
sure Gp (kN/m3). The experimental device in Fig. 1.8 is taken as an example.
When there is no seepage between points A and B (AH = 0), saturated soil unit
AA'B'B is selected as object to consider the conducted force. As shown in Fig. 1.9a,
F represents the force applied on the bottom surface of copper mesh AA'B'B.
According to the equilibrium of forces, F' equals to the effective weight of AA'B'B
y'Al It reflects that the force conveyed to underlying soil is the effective weight.
When AH >0, there exists downward seepage (Fig. 1.9b). Compared to
Fig. 1.9a, there is an additional water pressure y,,AHA. This part water pressure
force is generated by the water head difference. When the water seepage flows from

(a) (b)
AH=0 =} |
U <
YhA ) YA 3
i = i =
~lIlB B ~lllB : B
& YA & LAl
| Al A | A A
% (h+DA LAH-A
F=lud-1A L F=YAL-X-AH-A
YAl

Fig. 1.9 Forces on the saturated REV
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AA' to BB’, the seepage force is consumed totally by the particle resistance. The
resistance of particle exerted on water equals to the force applied on the particle
skeleton by water flow, i.e., hydrodynamic pressure:

)y AH-A
Oo ="

=51 (1.7)
Therefore, the hydrodynamic pressure is proportional to the hydraulic gradient.
The direction is the same with water flow. The unit is kN/m®.
In addition, F refers to the effective contact force between upper and lower
interface. From the equilibrium of forces,

F=yA-l—y, -AH-A (1.8)

where the first part on equation’s right-hand side is the effective weight of AA'B'B
and the second is the additional uplift force.

If F > 0, it means the soil REV is still on the copper mesh AA'B'B, contacted. If
F < 0, it means the soil REV is uplifted without contacting on AA'B'B. This is the
seepage failure. When the soil upper and lower parts are apart away from each
other, the soil mass is unstable and piping or quicksand may occur. F = 0 is the
critical situation. From Eq. (1.8), it can be derived

AH
=277 o (1.9)

1. = ~
l ;LW

where I is the critical hydraulic gradient. In practice, the requirement / < I, should
be meet to ensure the safety, and some safety factor should be ensured as well.

The above is the case of upward seepage. If the seepage is downward, the
hydrodynamic pressure has the same direction with weight; and the seepage can
only increase the force between water flow and soil particle skeleton:
F = F = y'Al+y,AHA. This circumstance is favorable to the stability.

Such as the dewatering in pit (Fig. 1.10), the water flow is upward in the
foundation pit. The seepage stability should be checked. Form the flow net, it can
be easily seen that the most dangerous place is close to the deep end of sheet pile

Fig. 1.10 Seepage stability (a) (b)
checking ; A |
7z 724
A B AlB,, [E
S
Cl |D
. + im
/ P,

S Aquitard S'
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wall, where it is the largest hydraulic gradient. Usually, there are two types of
verifications which should be made:

1. The hydraulic gradient at the water flow exposure I = 2% where AH; is the

Imin
water head difference of the shadow area in Fig. 1.10a, /;, is the shortest
seepage path in the area, Ky = ITC, and the safety factor is designed to no smaller
than 2.0.

2. The stability of the whole area BCDE (Fig. 1.10b). The width can be selected as
half of depth d/2, where d is the buried depth of sheet pile wall. The safety factor

can be calculated as

K — downward effective weight W' y’ % d’
L=

= 1.10
upward seepage force P (Bt 1q (1.10)

where P, and P, are, respectively, the seepage forces at point C and D
(Fig. 1.10b). They can be evaluated through equipotential lines. Generally, the
safety factor is required as Ky > 1.5-2.0.

Seepage failure may result in catastrophe engineering accidents. Moreover,
suffosion or piping phenomena is also one kind of seepage failure. Even though the
entire soil mass is stable, the fine particles are taken away from the coarse particles
and if this circumstance continuously happens, the pore void will be enlarged a lot.
The flow velocity increases greatly. Some serious damage will happen. Particularly,
in the noncohesive soil with uniformity coefficient y, > 10, piping can occur under
small hydraulic gradient (0.3-0.5). Thus, to prevent seepage failure (piping,
quicksand, or boiling sand), the designation should try to minimize the hydraulic
gradient; and some additional filter layer should be added at the flow exposure place
when necessary.

1.3.1.3 Permeation and Seepage

Groundwater permeation is defined as water movement in voids of soils or rocks. In
variety of the size, shape, and connectivity of voids in earth materials, complicated
and tortuous stream channels are formed accordingly (Fig. 1.11). Even though they
are the same void but different locations, the flow directions and velocities of
groundwater must be different, in which groundwater in the void center flows faster,
while in the places contacting particles, it moves slowly. Permeation is the real water
flow existing in the earth materials. It is characterized by the discontinuity along the
whole cross section of aquifer. From the aspects of theory and practice, there are
great difficulties of the study on the specific circumstance. Therefore, in need of
practical engineering, a hypothetical flow model is proposed to replace the real flow
action. First, the tortuosity of water flow is neglected by just considering the main
groundwater flow direction. Second, the groundwater is regarded as flowing through
the entire cross section without particle skeletons (Fig. 1.12). It is called seepage.
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Fig. 1.11 Schematic of

permeation / -
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Fig. 1.12 Schematic of
seepage

1.3.1.4 Laminar Flow and Turbulent Flow

Groundwater is not static in the saturated earth materials (such as soils or rocks). It
flows from places of high water table to low water table. According to the obser-
vation and experimental verification, groundwater flow has two basic states, i.e.,
laminar flow and turbulent flow.

When groundwater moves continuously with paralleling streamlines, this type of
flow condition is called of laminar flow (Fig. 1.13). Conversely, in the circumstance

Fig. 1.13 Groundwater
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Fig. 1.14 Groundwater movement of turbulent flow. I soil particle; 2 absorbed water film

of turbulent flow, groundwater moves discontinuously with endless accelerations,
decelerations, and changes in direction, as shown in Fig. 1.14.

Research results indicate that laminar flow always occurs when the flow velocity
is much smaller. There is a critical value to distinguish between laminar and tur-
bulent flow. When the flow velocity exceeds this value, the flow state changes from
laminar to turbulent. Groundwater generally moves very slowly within earth
materials. Mostly, the movement of groundwater can be regarded as laminar flow.
Turbulent flow can be found in rocks such as basalt and limestone that contain large
underground openings, or large karst caves.

1.3.1.5 Steady Flow and Unsteady Flow

The flow characteristics can be described by the variation of motion elements,
including dynamic pressure, velocity, acceleration, etc. Providing the flow move-
ment is just the function of space domain with no change occurring in time domain.
This type of flow is called steady flow. As shown in Fig. 1.15a, when water level in
the tank is kept identical, the motion elements of water flow from the hole of the
tank wall are relevant to the location, but rarely change with time. This condition is
defined as steady flow.

Fig. 1.15 Steady and (a)

(b)
unsteady flows —
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In the case of Fig. 1.15b, the water flow is not only controlled by the location,
but also varies with time. It is the unsteady flow condition. There is no water supply
in the flow condition shown in Fig. 1.15b. The water head decreases with time,
which is resulted in the variation of each other motion element.

1.3.2 Linear Seepage Principles

1.3.2.1 Darcy’s Law

The flow movement has three states, i.e., laminar, turbulent, or combined flows.
Laminar flow usually occurs in the permeation of groundwater in soil pores or rock
fissures. Turbulent flow always takes place in the underground cave or large rock
fissures. It has characteristics of eddies and swirls, with interlacing streamlines. In
some circumstances, these two conditions simultaneously arise.

Most natural underground flow is regarded as laminar flow. French hydraulic
engineer, Henry Darcy, investigated the water flow more than a century ago. In the
statement, the flow rate through porous media is proportional to the length of the
flow path, and is known as universally as Darcy’s law [shown in Eq. (1.11)]:

Q:KA% (1.11)

where Q is the flowing rate, m> /d; K is the hydraulic conductivity, a constant that
serves as a measure of the permeability of the porous medium, m/d; A is the
cross-sectional area of water flow, m%; L is the distance of seepage path between
these two flow cross sections, m; and /% is the water head loss between these two
cross sections, m, h = H, — Hy; % is the hydraulic gradient, noted by I, which
represents the head loss per unit length along seepage path.

Expressed in general terms

dh
0=-KAg (1.12)

or simply Darcy velocity

dh
v:g: - K

4 4 (1.13)

dh
where a is the hydraulic gradient (dimensionless). The negative sign indicates that

the flow of water is in the direction of decreasing head. Equation (1.13) states,
Darcy’s law in its simplest form, that the seepage velocity v is proportional to the
hydraulic gradient. When I = 1, i.e., K = v, namely hydraulic conductivity equals
the hydraulic gradient, cm/s or m/d.
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According to Eq. (1.13), the value of seepage velocity of soils is equivalent of
the hydraulic conductivity under hydraulic gradient of 1. It depends on two factors.
One is the permeability of soils (the amount of K) and the other is the hydraulic
conditions (the amount of 7) (Fig. 1.16).

Here, two aspects should be noted. First, the seepage velocity is referred to as the
Darcy velocity, which assumes that water flow occurs through the entire cross
section of soils without regarding to solids and pores. Actually, the flow is limited
only to the pore space. The seepage path is complicated and tortuous. The real flow
cross-sectional area is smaller than A, so that real average interstitial velocity is
greater than Darcy velocity v. In practice, the average flow amount through the
entire soil is taken much more care. Thus the apparent velocity v with
cross-sectional area A and seepage path L is convenient and useful. Second, Darcy’s
law is applicable in sands or other soils with much smaller grain particles. Because
in large pore voids (such as gravels, pebble, or karst caves), too fast flow velocity,
the irregular flow paths of eddies and swirls associated with turbulence occur first in
the larger pore space. The head loss varies approximately with the velocity rather
than linearly. Velocity in laminar flow is proportional to the first power of the
hydraulic gradient, and it seems reasonable to believe that Darcy’s law applies to
laminar flow in porous media.

Seepage velocity (Darcy velocity) is not the real flow velocity of groundwater
(u). The cross-sectional area A is the entire soil, and not the area of pore. To obtain
the real average velocity u, the flow is limited only to the pore space as

o _ 0
—_=__ % 1.14
“TAN T A (1.14)

where n is the porosity of soils, %.
In conjunction Eq. (1.13) with Eq. (1.14), it can be found that the real average
velocity u is
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Fig. 1.17 Seepage velocity v A
and hydraulic gradient

Y g
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u="2 (1.15)

Because n is always smaller than 1, in relative order of magnitude, real average
velocity is greater than seepage velocity.

When groundwater flows in sands, Darcy’s law is reasonable, as shown in
Fig. 1.17 investigated by the experiments. The velocity is proportional to the first
power of the hydraulic gradient. But in clays, Eq. (1.13) is not so applicable.
Around mineral particle surfaces, there are absorbed water films, which obstruct or
block the pore channels for water flowing. Meantime, they could not be ignored.
Results show that smaller hydraulic gradient could not resist the adhesion of
absorbed water film, so that the water could not flow through these pores. Until the
hydraulic gradient is larger than a certain critical value /;, (yield hydraulic gradient),
clay can be permeable (see Fig. 1.17). If the intercept of the linear part of the curve
in clay is I, (threshold hydraulic gradient), Eq. (1.13) can be expressed as the
hydraulic conductivity

v=K(-1) (1.16)

1.3.2.2 Validity of Darcy’s Law

In applying Darcy’s law, it is important to know the range of validity within which
it is applicable. Because velocity in laminar flow is proportional to the first power of
the hydraulic gradient, it seems reasonable to believe that the Darcy’s law applies to
laminar flow in porous media. Thus sometimes Darcy’s law is called laminar
seepage principle. Since 1940s, many experiments have revealed that not all the
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Fig. 1.18 Seepage velocity v /
and hydraulic gradient /*
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laminar flows have the characteristics of linear relationship between velocity and
hydraulic gradient. Jacob and Bell investigated the relations between seepage
velocity and hydraulic gradient (Fig. 1.18). The Reynolds number, which expresses
the dimensionless ratio of inertial to viscous forces, serves as a criterion to dis-
tinguish between laminar and turbulent flow. Hence, by analogy, the Reynolds
number can be employed to establish the limit of flows described by Darcy’s law,
corresponding to the value where the linear relationship is no longer valid.
Reynolds number is expressed as

Re="2 (1.17)

where p is the fluid density; v is the velocity; D is the diameter of cross section; and
u is the dynamic viscosity of the fluid. Experimental results shown in Fig. 1.18
show that Darcy’s law is valid for Re < 1 and does not depart seriously up to
Re = 10", It represents an upper limit to the validity of Darcy’s law. A range of
values rather than a unique limit must be stated because as inertial forces increase,
turbulence occurs gradually. For fully developed turbulence, the head loss varies
approximately with the second power of the velocity rather than linearly. When
flow velocity of groundwater is much slower, the flow movement is mainly con-
trolled by viscous forces. The influence of inertial forces can be ignored. Darcy’s
law is applicable. As the velocity increases, the water flow has continuously
variable velocity and acceleration. The inertial forces are proportional to the second
order of velocity. Darcy’s law could not be available any more.

Since the shape, size, and orientation of pores in soils are quite complicated, they
vary in large range. The state transition of laminar to turbulent occurs in some
pores, while other pores may not change. Thus this transition from linear laminar
flow, to nonlinear laminar flow, turbulent flow, develops gradually, without
apparent limit. Fortunately, most natural underground flow occurs with Re < 1, so
Darcy’s law is applicable.
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1.3.2.3 Hydraulic Gradient

Hydraulic gradient is expressed as the dimensionless ratio of water head loss along
the seepage path to corresponding seepage length. During the water flow through
soil particles, the head loss is resulted in energy consumption being lost by fric-
tional resistance dissipated as heat energy. It is defined as potential loss. Therefore,
hydraulic gradient can be understood as the energy consumption of frictional
resistance per unit length along seepage path.

1.3.2.4 Hydraulic Conductivity

The permeability of a rock or soil defines its ability to transmit a fluid. For practical
work in groundwater engineering, where water is the prevailing fluid, hydraulic
conductivity K is employed. A medium has a unit hydraulic conductivity if it will
transmit in unit time a unit volume of groundwater at the prevailing kinematic
viscosity through a cross section of unit area, measured at right angles to the
direction of flow, under a unit hydraulic gradient. The units are

v md
dh/dl  m/m

= m/d (1.18)

which indicates that hydraulic conductivity has the same units of velocity.
Hydraulic conductivity of soils can be determined by a variety of techniques,
including calculation from formulas, laboratory methods, tracer tests, auger hole
tests, and pumping tests of wells.
First, they are several factors, which influence the permeability.

1. Grain size distribution. Generally, coarse, uniform, and smooth grains have
large K value. For clean sands (including no fines), the hydraulic conductivity
can be estimated by

K = 100—150 (dy)* (1.19)

where d, is the effective grain diameter, smaller than which the accumulative
weight percentage is summed up to 10 %. When sands contain fines, the
hydraulic conductivity decreases sharply, as the finer content increases.

2. Degree of density. The denser the soil, the smaller the hydraulic conductivity.
Experimental results show, as for sand, that the K value is proportional to the
second power of the void ratio, while in clay, the exponential index is larger.
Because of the thickness of the absorbed water film, the empirical relationship
can hardly be established.

3. Saturation. The higher the saturation, the larger the hydraulic conductivity it is.
It is mainly due to the existence of air, which would decrease the flow
cross-sectional area, or even obstruct the small pore spaces.
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4. Soil structure. Fine-grained soils always have complex soil structure. Once it is
disturbed, the shape, size, and distribution of previous flow cross section will
correspondingly change. The resulting hydraulic conductivity must be different.
The reconstituted or compaction soil samples always have smaller hydraulic
conductivity compared to undisturbed soil.

5. Soil texture. The hydraulic conductivity is also greatly influenced by soil tex-
ture, such as, if there is a thin sand interbed imbedded in the clay layer, it must
be resulted that the horizontal hydraulic conductivity is much greater than the
vertical value, even by tens of orders. Therefore, in the laboratory methods for
determining the hydraulic conductivity, most representative soil sample is most
important. Sometimes, field pumping tests are very necessary for the hydraulic
conductivity of natural soil layers.

6. Water temperature. Experimental results show that the hydraulic conductivity is
also related to the properties of groundwater, including unit weight y,, and
coefficient of viscosity #(Pa-s). Under different temperatures, y,, rarely changes;
but # varies a lot. Higher temperature is resulted in smaller coefficient of vis-
cosity, correspondingly larger hydraulic conductivity. K and 1/ almost has a
linear relationship. Thus, the hydraulic conductivity (K7) under temperature
T (°C) should be amended to standard hydraulic conductivity value (K;o) under
the temperature of 10 °C:

Ko =T K, (1.20)

)

where y; and 1, are the coefficient of viscosity under the temperature of 7 °C
and 10°C (All the values can be checked in Physical handbook). As the
temperature is 5 °C, :]’TTO = 1.161. While it is 0.773, under temperature is 20 °C.

Apparently, the influence of temperature could not be neglected.

The temperature of underground water is usually stable at 10 °C, so generally the
value under 10 °C is regarded as standard criterion. Some other countries take 15 °C
or 20 °C for standard.

Second, in the laboratory, hydraulic conductivity can be determined by a per-
meameter, in which flow is maintained through a small sample of material, while
measurement of flow rate and head loss is made. The constant-head and falling-head
types of permeameters are simple to operate and widely employed.

The constant-head permeameter shown in Fig. 1.19 can measure hydraulic
conductivity of consolidated or unconsolidated formations under low heads. Water
enters the medium cylinder from the bottom and is collected as overflow after
passing upward through the materials. From Darcy’s law, it follows that the
hydraulic conductivity can be obtained from

VL

K=— 1.21
Ath ( )
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Fig. 1.19 The constant-head \
permeameter \

where V is the flow volume in time ¢, and other dimensions A, L, and & are shown in
Fig. 1.19. It is important that the medium be thoroughly saturated to remove
entrapped air. Several different heads in a series of tests provide a reliable
measurement.

A second procedure utilizes the falling-head permeameter illustrated in
Fig. 1.20. Here, water is added to the tall tube; it flows upward through the
cylindrical sample and is collected as overflow.

The test consists of measuring the rate of fall of the water level in the tube. The
hydraulic conductivity can be obtained by noting that the flow rate Q in the tube

dQ = A,dh/dr (1.22)
Fig. 1.20 The falling-head =
permeameter 7ﬁt: H
<
fffff b
A, <
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must equal the amount through the sample, which by Darcy’s law is
dQ = A,Kh/Ldt (1.23)
After equaling and integrating from #, to 7,

Aydh/dt = A,Kh/Ldt

ndh I(Az J"tz
1y ]’l
h KA2 (1.24)
Alln—=—=(t -1t
1 nh2 I (2 1)
A1L hl
K=
Azl ]’lz

where L, A, and A, are shown in Fig. 1.20, and (#, — #,) is the time interval for the
water level in the tube to fall from 4, to h,.

Permeameter results may bear little relation to actual field hydraulic conduc-
tivities. Undisturbed samples of unconsolidated materials are difficult to obtain,
while disturbed sample experience changes in porosity, packing, and grain orien-
tation, which modify hydraulic conductivities. So one or even several samples from
aquifer may not represent the overall hydraulic conductivity of an aquifer.
Variations of several orders of magnitude frequently occur for different depths and
locations in an aquifer.

Example 1:

A field sample of medium sand is tested to determine the hydraulic conductivity
using a constant-head permeameter with a head difference of 83 mm (%). The
permeameter has length of 200 mm (L) and a diameter of 75 mm (D). In 1 min,
71.6 cm’ of water is collected at the outlet. Determine the hydraulic conductivity of
the sample.

Solution:

Equation (1.21) is used to compute the hydraulic conductivity in a constant-head
permeameter test:

_%_ 4 x71.6 x20
T Ath T mx7.52x8.3 %60

=6.5 x 102 cm/s

Further question: what should the maximum allowable piezometric head dif-
ference be for a series of tests?
Example 2:
A field sample of silty sand with a cross-sectional area of 44.18 cm® is tested to
determine the hydraulic conductivity using a falling-head permeameter with a
cross-sectional area of 1.77 ¢m® and the initial head of 130 cm. Over a period of 135 s,
the head in the tube falls to 80 cm. Estimate the hydraulic conductivity of the sample.
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Table 1.4 Estimation of hydraulic conductivity

Soil type Permeability | K (cm/s) Soil type | Permeability | K (cm/s)
Boulders, Very good  |>1 x 107! Silty clay | Poor 1 x107°-10"°
cobbles,

gravels

Sands Good 1 x 1072-107* |Clay Very poor <l x 1077
Sandy clay | Medium 1 x 1073107

Solution:

Equation (1.24) is used to compute the hydraulic conductivity in a falling-head
permeameter test:

AL by 177x15 130 B
KoMt X Y e x 1 L
At " h 4418 x 135 80 6> 107" em/s

Third, some empirical values of common soil layers are presented in Table 1.4. It
can be employed in case of lacking specific relevant information.

1.3.2.5 Intrinsic Permeability

To avoid confusion with hydraulic conductivity, which including the properties of
groundwater, an intrinsic permeability k£ may be expressed as

_Ku
P8

k (1.25)

where K is the hydraulic conductivity; p is the dynamic viscosity; p is the fluid
density; and g is the acceleration of gravity, m/s?. Thus, intrinsic permeability
possesses units of area. Because values of k in Eq. (1.25) are usually very small in

. .. . . 2 _
units of m?, it is always used in square micrometers (um)°= 10~'2 m?,

1.3.2.6 Transmissivity

The term transmissivity 7 is widely employed in groundwater engineering. It may
be defined as the rate at which water of prevailing kinematic viscosity is transmitted
through a unit width of aquifer under a unit hydraulic gradient. It follows that

T = KM = (m/day)(m) = m*/day (1.26)

where M is the saturated thickness of the aquifer.
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Example 3:

A leaky confined aquifer is overlain by an aquitard that is also overlain by an
unconfined aquifer. The estimated recharge rate from the unconfined aquifer into
the confined aquifer is 0.085 m/year. Piezometric head measurements in the con-
fined aquifer show that the average piezometric head in the confined aquifer is
6.8 m below the water table of the unconfined aquifer. If the average thickness of
the aquitard is 4.30 m, find the vertical hydraulic conductivity K, of the aquitard.
What type of material could this possibly be?

Solution:

Equation (1.18) is used to compute the hydraulic conductivity in a constant-head
permeameter test:

v 2329x107*
dh/dl - (6.8/4.30)
=1.705 x 1077 cm/s

K, = m/day = 1.473 x 10~* m/day

From Table 1.4, the aquitard is composed of clay.

1.3.3 Nonlinear Seepage Principles

When the Reynolds number is larger than 1-10, it must be a turbulent flow. The
seepage velocity could not be linear to the hydraulic gradient any more. Presently,
there is no commonly used nonlinear motion equation. Most familiar is
P. Forchheimer Equation:

I =av+b? (1.27)
or
I=av+bV" (1.6 <m <2) (1.28)

where a and b are constants determined by experiments. When a = 0, Eq. (1.28) can
be changed to

y =KD (1.29)

This is called Chezy’s law, i.e., the seepage velocity is proportional to the square
root of hydraulic gradient.

At the beginning, the combined state of laminar and turbulent flow is mentioned.
There is no apparent limit between these two states of flow movement. Rum Gail
proposed a combined flow state, in which laminar and turbulent flows both exist, as
follows:
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v =KI» (1.30)

where m is the liquidity index, 1-2. When m = 1, Eq. (1.30) is converted as Darcy’s
law. While as 2, it is equivalent to Chezy’s law. As 1 < m < 2, inertial forces could
not be ignored anymore and it plays some parts on the movement of groundwater
flow.

1.3.4 Flow Nets

Groundwater flow through soils can often be described approximately in a rela-
tively simple way by a flow net. For specific boundary conditions, flow lines and
equipotential lines can be mapped in two dimensions to form a flow net. The two
sets of lines form an orthogonal pattern of small squares.

The purpose of mapping a flow net is aimed to visibly investigate the seepage
path. More importantly, it can calculate the seepage amount and also could
determine the water head at each location in the flow net. In practical engineering,
many two- or three-dimensional conditions of seepage can be encountered. In these
cases, mapping a flow net is a very effective way. As shown in Fig. 1.21, in the
construction of foundation pit dewatering, it is a two-dimensional seepage problem
around the underground diaphragm wall. It is most convenient to calculate the
seepage amount and head loss by the flow net contour.

Before mapping the flow net, there are two basic conditions should be met.

1. First, flow lines should strictly reflect the flow directions. This property is
determined by the definition of flow line and equipotential line. Specifically, each
tangential direction of an arbitrary point in the flow line represents the direction of
seepage velocity. In Fig. 1.22, point m is the crossing point of the flow line 1-1 and
equipotential line a-a, where the slope is

;// Diaphragm wall

Two-dimensional
seepage area
Foundation pit

Aquifer

szgr I-1

Fig. 1.21 Two-dimensional seepage problem




1.3 Groundwater Movement 31

Fig. 1.22 Portion of an a"
orthogonal flow net formed y
by flow and equipotential

lines

—— Flow line
——— Equipotential line

dy) Vy
= =2 (1.31)
(dx flow—line Vx

The equipotential line is formed by the points with the same water head H,
which is along the equipotential line aa, AH =0 between each point. In
two-dimensional steady seepage flow, H = flx, y) has no relationship with gz,
t. Thus, it has

0H  oH
AH = —dx+ —dy =0 1.32
o, (1.32)

According to Darcy’s law along x, y directions,

OH

=K -I, =K— 1.33
v o (1.33)
OH

Vy:K'Iy:Kaiy (134)
After substituting into Eq. (1.32),

v %

Zdx 4+ Z2dy=0 1.35

gt L d (1.35)

Thus the slope of equipotential line aa can be

d x
<y> = (1.36)
dx equipotential —line Vy

In conjunction Eq. (1.36) with Eq. (1.31),
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(@)
= o =1 (1.37)
(dx flow—line dx equipotential —line

Therefore, it confirms that flow and equipotential lines are always orthogonal.
2. Second, each small square formed by two sets of orthogonal lines has the
same lll value (shown in Fig. 1.22, in small orthogonal square i, b; is the average

distance of flow line and /; is the average distance of equipotential line). For
convenient calculation, the flow volume AQ and head loss AH in each small square
are identical.

Investigating the seepage a (D, @, @), from Darcy’s law, it has

AH AH
AleK-l—l-blxlzK-l—szlxl (1.38)
1 2
AH
AQ3:K-Z—3-b3 x 1 (1.39)
3

where AH| is the water head loss of equipotential lines from a'a’ to aa; AH, is the
water head loss of equipotential lines from aa to a”a”.
From Eqgs. (1.38) and (1.39), providing

bl b2 b% bi

L R . 1.40

ll lz l3 li ( )
Then,

AH, = AH, = --- = AH;

(1.41)
AQ1 =A0, = =AQ;

The ratio value ofllii" can be arbitrary in mapping a flow net. Generally, % is set to

be 1. Each small seepage area is close to a small square.
The steps for mapping a flow net consist of four main parts.

1. Plot the contour of structure and soils according a certain mapping scale
(Fig. 1.23).

2. Determine the boundary conditions, such as acb and ss’ are flow lines. If no flow
crosses an impermeable boundary, flow lines must parallel it. Similarly, if now
flow crosses the water table, it becomes a bounding flow surface, or called
equipotential lines, such as a'a and bb'.

3. Try to plot several apparent flow lines (almost paralleling, noncrossing smooth,
and gentle lines. Because water always flows along the shortest seepage path,
the flow direction changes along the smallest slope of flow lines). Flow lines
should be orthogonal with the inlet and outlet water surfaces. They also should
be paralleling to impervious surfaces.
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Fig. 1.23 Mapping the flow T 787X 78 78 7% 78 7%

net (trial-and-error method) W‘ ——m__

a':

S Aquitard S

4. Add some equipotential lines (they must be orthogonal with flow lines. Each
small seepage area is close to square). Sometimes, this process should be tried
for several times before success.

Described as above, the most used method to plot a flow net is trial-and-error
method. Besides this, the model test (such as model of sands in a water tank),
electric model test, or in some simplified cases, the differential equation governing
flow can be solved to obtain the flow net. Most complicated conditions can only be
analyzed by numerical model. About the specific descriptions about these methods,
groundwater dynamics can be referred. In engineering, the trial-and-error method is
most convenient. The accuracy also meets the requirement.

From the flow net, some information and parameters can be deduced. First is the
flow rate Q.

Providing that there are N; small segments in equipotential lines, the flow rate is
O = Nf - AQ; Np in flow lines, so that the head loss in each small orthogonal
square along the flow lines AH; = ]Av—’:. Thus

AH,;
AQ =K l_lb,»:KAH,»Q
! (1.42)
AH Nt
= N{AQ = NjK— = K—AH
0 tAQ KN No

As shown in Fig. 1.23, Ny = 4, Np = 10, based on the values of AH and K, the
flow rate in unit length along the foundation pit can be estimated.

Second is the water head H and hydraulic gradient I at each location. According
to AH; = %: i.e., along the direction of flow, if groundwater moves n equipotential
lines, the water head decreases n - AH;. In Fig. 1.23, the total water head at each
location along equipotential line aa’ is H,, so the water heads of all the crossing

points along the flow lines with equipotential line aa’ are, respectively, H, — NLD AH,
H, — NLDAH ,.... In the last, equipotential line is bb’, n = Np = 10, and the water

heads of all points in this line are the same as H, — AH = H,. The water head of
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each point between two equipotential lines is derived by linear interpolation.
Therefore, providing the water head between two arbitrary points, the relevant
hydraulic gradient I can be estimated. It can be easily seen that the denser the
equipotential lines, the larger the hydraulic gradients are.

1.4 Exercises

1. How many types of groundwater, according to the physical and mechanical
properties?

What parameters reflect the water-physical properties of groundwater?

What is aquifer, aquiclude? Is aquiclude completely impermeable?

Based on the occurrence condition, what types are there in groundwater?
How to distinguish the pressure head, potential head, total head?

What is the dynamic water pressure?

What is the validity of Darcy’s law?

What factors influence the hydraulic conductivity?

What is the flow net? And how it makes?

O N oL R W



Chapter 2
Hydrogeological Parameters Calculation

Hydrogeological parameters of aquifer are the essential and crucial basic data in the
designing and construction progress of geotechnical engineering and groundwater
dewatering, which are directly related to the reliability of these parameters.

There are three types of hydrogeological parameters that reflect the hydraulic
properties of aquifer, as follows:

The first type is the parameters that represent the properties of aquifer. Hydraulic
conductivity (K) and transmissibility (7) represent the aquifer’s permeability. The
water reserving capacity is represented by the specific yield (x) in unconfined
aquifer and storage coefficient (u*) in confined aquifer. The rate of water head
conduction is represented by groundwater table conductivity in unconfined aquifer
and pressure transitivity in confined aquifer, which are both a.

The second type parameters show the interaction of aquifers after dewatering,
including leakage coefficient (¢) and leakage factor (B).

The third type parameters refer to the capacity of water exchange between
aquifers and the external environment. It includes parameters that refer to the
receiving capacity of external recharge and the degree of water loss. The former
includes infiltration coefficients (a) of precipitation, river and irrigation, and the
latter mainly for coefficient of phreatic evaporation.

There are many methods in hydrogeological parameter calculation. Laboratory
tests and pumping and injection tests are the most common methods in geotechnical
engineering design and construction. With the data of long-term groundwater
observation, hydrogeological parameters can also be back calculated by analytical
and numerical solutions and optimization method.

2.1 Hydrogeological Tests

In geotechnical engineering, hydrogeological in situ tests include pumping test,
recharge test, infiltration test, injection test, water pressure test, connection test,
groundwater flow direction and velocity test et al. These tests are used to calculate
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hydrogeological parameters and find out the hydraulic connection between different
aquifers and between groundwater and surface water. Hydrogeological and
geotechnical engineering design and construction conditions should be considered
when selecting test method.

2.1.1 Pumping Test

Pumping test is one of the most common geotechnical engineering investigation
methods in finding out the permeability and calculating the parameters of aquifers.
Different types of pumping tests are applied in different engineering programs
according to their objectives and hydrogeological conditions.

Pumping tests can be divided into three types according to the operation and the
number of wells, shown in Table 2.1.

2.1.1.1 Objective, Task, and Types of Pumping Test

1. Objective and task of pumping test

Pumping test is on the basis of well flow theory. During this test, groundwater is
pumped out through the main well and the change of flow rate in observation wells
is measured. Meanwhile, the variation of state and distribution of seepage field in
the time and space is also measured. Pumping test is aimed at finding out the
hydrogeological condition of engineering construction field, quantifying the water
amount of pumping wells and aquifers, calculating the hydrogeological parameters
and finally providing a basis for groundwater solution program.

The main tasks of pumping test are as follows:

(1) Measure the variation of drawdown with the change of discharge of wells or
drilling holes, then calculate the unit inflow and estimate the maximum
yielding water of the aquifer.

(2) Determine the hydrogeological parameters of aquifer, including hydraulic
conductivity, transmissibility, specific yield, storage coefficient, pressure
transitivity, leakage factor, and influence radius et al.

(3) Measure the shape of cone of depression, and its expanding progress.

(4) Find out the hydraulic connection between different aquifers and between
groundwater and surface water.

Table 2.1 Pumping test classification and applied range

Type Applied range

Simple pumping test in drillings or Rough estimate of the hydraulic conductivity
exploration wells of aquitard

Pumping test without observation well Preliminary determination of hydraulic

conductivity

Pumping test with observation wells Accurate determination of hydraulic
conductivity
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(5) Determine the aquifer boundary condition, including its location and
properties.

(6) Conduct pumping simulation to provide necessary data for well-group design,
which includes determining reasonable distance and diameter of wells,
drawdown and the flux of water.

2. Types of pumping test
According to different classification principles, pumping tests can be classified as

follows:

(1) Steady flow pumping test and unsteady flow pumping test, according to
groundwater flow state on the basis of well flow theory.

(a)

(b)

Steady flow pumping test is an early common method, which requires
the test must last for a long time after meeting the stable flow and
drawdown. Steady flow theory is used in calculation of aquifer’s
parameters, such as hydraulic conductivity, influence radius, etc.
However, groundwater flows are mostly unsteady in nature; only the
areas which have abundant and stable water supply can form a relatively
steady seepage field. Therefore, its application is limited.

Unsteady flow pumping test has been used universally since 1970s in our
country. It requires the water discharge or water table to remain constant.
Generally, it is the water discharge flux that remains constant or staged
constant and the water table changes with time. The duration of the
unsteady flow pumping test is determined by s-1g¢ curve. If the aquifer has
an infinite recharge boundary, then pumping can be terminated after an
inflection point appears on the curve. While if the aquifer has a constant
head boundary, impermeable boundary, or leakage recharge, there are
generally two inflection points.

The results of unsteady flow theories and formulas can be more accurate
than steady flow theories, and so the former has a wider application. It
can calculate more parameters, such as transmissibility, specific yield,
storage coefficient, pressure transmission coefficient, leakage factor and
so on. Also it can determine the simple boundary conditions and take full
advantages of all the information provided throughout the whole
pumping process. However, the calculation is much more complex that
needs higher technical standards for observation. Generally, for the early
unsteady stage and later steady stage, relevant formulas are applied,
respectively, to calculate the parameters in different stages.

(2) Single well pumping test and multiwells pumping test, depending on whether
there is observation well(s).

(a)

Single well pumping test is the pumping test that only has one pumping
well, which also known as main well, and has no observation well. It is
simple and less expensive, but not very accurate, which makes it suit for
preliminary investigation stage. The main well is usually set at the place
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where is rich in groundwater. Aquifer’s water abundance, permeability,
and the relationship between pumping discharge and drawdown can be
found through single well pumping test.

(b) Multiwells pumping test is the pumping test that has a pumping well and
one or more observation well(s). It has a wider application. It can
determine not only the hydraulic conductivity and pumping discharge,
but also the anisotropy of hydraulic conductivity, the radius and shape of
the depression cone, the width of supply area, the reasonable well
spacing, interference coefficient, and the hydraulic connection between
groundwater and surface water. Besides, seepage velocity test also can
be taken during the pumping test. This kind of pumping test costs a lot,
but the results of which are more accurate. Therefore, it is more used in
detailed investigation stage than preliminary investigation stage. In the
area which has the value of water supply, at least one group of multi-
wells pumping test should be taken.

(3) Fully penetrating well pumping test and partially penetrating well pumping
test according to the type of pumping well.

Generally, fully penetrating well pumping test is the primary choice, for its
comprehensive well flow theory. Only in the condition that the aquifer is thick and
homogeneous, or in the specialized study of filter’s effective length, the partially
penetrating well pumping test is adopted.

(4) Layering pumping test and combination pumping test according to aquifer’s
condition involved in test.

(a) Layering pumping test is the pumping test that conducted the test for
separate aquifers to determine each aquifer’s hydrogeological characters
and parameters.

(b) Combination pumping test is the pumping test that tests several layers of
aquifers in one pumping well. The results reflect the average value of
those aquifers’ hydrogeological parameters. In the condition that the
layers are not numerous, the approximate value of each aquifer’s
parameters can be determined by recharging the well layer by layer and
conducting combination pumping test accordingly.

3. Arrangement of main well and observation wells

Main well should be considered arranging in the following locations: the main
water source aquifer, aquifer with large thickness and abundant water, the possible
connection part between surface water and groundwater, fault or karst-concentrated
zone, the representative control region, such as boundaries of different sections and
aquifers.

The design of observation wells in the plane and profile layout depends on the
test tasks, accuracy, feature size, aquifer’s character, as well as data processing and
calculation methods and other factors. If only to eliminate “well loss” or “water
jump” effects, just one observation well near the pumping well need to be arranged.
If to obtain reliable hydrogeological parameters, one to four rows of observation
wells can be arranged according to aquifer’s character and groundwater flow
condition, shown in Tables 2.2, 2.3 and Fig. 2.1.
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Table 2.2 Distance between main well and observation wells

Aquifer’s characters | Hydraulic Groundwater | Distance (m) Influence
conductivity | type First | Second | Third |radius
(m/day) well | well well | (M)

Hard with >60 Confined 15-20 |30-40 |60-80 |>500

developing fissures unconfined 10=15 |20-30 | 40-60

Hard with slight 60-20 Confined 6-8 10-15 20-30 | 150-250

developing fissures unconfined 57 812 15-20

Pure cobble, gravel |>60 Confined 8-10 |15-20 3040 | 200-300

and coarse-medium unconfined 4-6 10-15 | 20-25

sand

Cobble and gravel 60-20 Confined 5-7 8-12 15-20 | 100-200

with fine particles unconfined 3.5 6-8 10-15

Anisotropic sand 20-5 Confined 3-5 6-8 10-15 | 80-150

unconfined 2.3 4-6 8 12

Table 2.3 Arrangement of observation lines

Aquifer’s characters Arrangement of observation lines Graph

Homogeneous | Small water | One line that is perpendicular to groundwater Figure 2.1
and isotropic gradient flow direction 1)

Large water | Two lines that are perpendicular and parallel to | Figure 2.1
gradient groundwater flow direction ?2)

Heterogeneous | Small water | Two lines that are perpendicular to groundwater | Figure 2.1
and anisotropic | gradient flow direction and one line that is parallel to 3)
groundwater flow direction

Large water | Two lines that are perpendicular to groundwater | Figure 2.1
gradient flow direction and two lines that are parallel to | (4)
groundwater flow direction

O
(H 2 (3) “
(1] [o] -]
Flow Pumping Observation
direction well well

Fig. 2.1 Arrangement of observation wells

The number, distance, and depth of observation wells depend on the test task,
accuracy, and pumping type. There should be no less than three observation wells
arranged in one line to figure out the shape of the depression cone. For parameter
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calculations, only two observation wells in one line are needed for a steady
pumping test, and usually three wells for an unsteady pumping test to take full use
of all observation data. If the test task is to find out the hydraulic connection or
boundary characters, the observation wells should not be less than two.

The distance between observation wells should be small near the main well and
became larger far from the main well. The distance between the main well and the
closest observation well depends on the permeability of aquifer and the drawdown,
which can be several meters to 20 m on the principle of in favor of controlling the
shape of depression cone and avoiding the turbulence and 3D flow around the
observation well. For unsteady flow pumping tests, observation wells should be
evenly distributed on a logarithmic axis and ensure the observation of the initial
water table changes. The empirical distance data of observation wells can be found
in the relevant handbooks.

The depth of observation wells generally is required to be 5-10 m deep in tested
aquifers, except for thin aquifers. If the aquifer is heterogeneous, the depth and the
filter’s position of the observation wells should be in accord with the main well.

2.1.1.2 Technical Requirements for Pumping Tests

1. Steady flow pumping test

(1) Drawdown

Generally, at least three drawdowns should be made to determine the relation
between water discharge and drawdown (Q-s curve), which can judge the cor-
rectness of tests and indicate the water discharge. While, only one drawdown is
enough if the maximum drawdown is <1 m in the following conditions: the
requirement to test accuracy is not very high, the test is taken in a secondary
aquifer, the water discharge is too small (<0.1 L/s m), and the pumping equipment
has limitations. If the Q-s relation has been determined and the correctness of
pumping tests can be ensured, only two time tests need to be taken out. This is
because that there are no more than two unknown coefficients in Q-s relation and
the type of Q-s curve can be determined by two times pumping tests using the

coefficient n in % =/ %, where n < 1 is unmoral, n = 1 is linear type, 1 <n < 2 is

exponential type, n = 2 is parabolic type, n > 2 is logarithmic type. Although this
method can save one test workload process, it has poor reliability.

The maximum drawdown is mainly determined by the test purpose. When
calculating the parameters, the drawdown should be smaller to avoid turbulence and
3D flow. When calculating for groundwater resource evaluation and dewatering, the
drawdown should be able to extrapolate to the design requirements. When deter-
mining the boundary properties and hydraulic connection, the drawdown should be
large enough to fully expose the problems, for the impermeability of some layers is
related to the waterhead difference on both sides of boundary. The maximum
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drawdown (spax) can be 1/3—-1/2 of aquifer’s thickness in unconfined aquifer, and
can be the distance between static water table and the aquifer’s roof. The rest
drawdowns can be evenly distributed (51 = Smax/3, $2 = Smax/2), Which is con-
venient for drawing Q-s curve. The minimum drawdown and the difference of each
two drawdowns usually is no <1 m. In geotechnical engineering, construction
design, or groundwater dewatering design, formal pumping test conducted three
times, and the difference between each drawdown is more appropriate than 1 m.

(2) Stable duration time

Stable duration time refers to the time that the pumping test lasts after the
seepage field reaches approximate stabilization. The time from the beginning of
pumping to steady seepage field depends on the groundwater type, aquifer’s
parameters, boundary and recharge conditions, and drawdown value. This time is
longer when it is in unconfined or leakage aquifers, or in the condition of poor
water recharge or large drawdown. The duration time is different in different
investigation stage, test purpose, and aquifer condition. Generally, it should meet
the requirement of test reliability. It is easier to find out the slight and trending
change and the false stability that is caused by temporary recharge.

The stable duration time does not need to be long when calculating parameters,
usually <24 h. In other conditions usually it will be 48—72 h. No matter what the
test purpose is, it should not <2—4 h of the farthest observation well.

Generally, the stable stage is reaching when the variation of water table in
pumping well is <1 % of drawdown. If the drawdown is small, the limitation is 3—
5 cm. When pumped with air compressor, the variation of water table in main well
allows up to 20-30, and 2-3 cm in observation well, but no trending change is
allowed. The variation of water discharge should not exceed 5 %.

(3) Water table and water discharge

Natural stable water table should be observed before pumping. Water table
should be observed hourly. The water table that does not change in 2 h or only
changes 2 cm in 4 h is the stable water table. If the natural water table fluctuates,
the average value is desirable as the natural stable water table, or eliminating the
interference effects.

During pumping, the water table and water discharge should be measured at the
same time. The interval time for observation should be close first and loose
afterward, for example 5-10 min first and 15-30 min afterward, which should e
according to the specific requirements.

When pumping is stopped or broken off, recovery water table should be mea-
sured with the same interval time. The standards for stable water table judgment is
the same with above. If there is difference between natural and recovery stable
water table, the drawdowns should be amended by the weighted arithmetic average
of the difference regarding the time.
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2. Unsteady flow pumping test

Unsteady flow pumping test can be divided into constant-flow test and
constant-drawdown test. The former is much used in practice. The latter is used
when in artesian well or modeling dewatering or groundwater mining,

(1) Water discharge and water table

The requirements for water discharge and water table measuring is the same with
steady flow pumping test. It should be especially noticed that the flow or water table
should be constant from the beginning to the end of pumping.

During pumping, the water table and water discharge should be measured at the
same time. When pumping is stopped or broken off, recovery water table should be
measured. The interval time in unsteady flow pumping test should be smaller than it
in steady flow pumping test, especially in first 10-30 min. For example, it could be
observed at 1, 2, 3, 4, 6, 8, 10, 15, 20, 25, 30 min, then at every 30 min.

(2) Stable duration time

The stable duration time for unsteady flow pumping test also depends on test
tasks and purposes, hydrogeological conditions, test type, water discharge, and
calculation method. It has big differences in different pumping test, which also has
no uniform regulations. For the parameter calculation alone, the duration time
usually does not exceed 48-96 h in our country. However, the variation is 6-600 h
according to global data, and 48-96 h is the most choice.

If the aquifer is a borderless confined aquifer, curve-matching and linear graphic
methods are in common use. The former only requires the early pumping data,
while the latter needs pumping data for two pairs of log-periods. These mean that
the total pumping time needs to be three pairs of log-period, which is 1000 min,
about 17 h. So the pumping usually lasts for 1-2 days. If there are more than one
observation wells, all of them should meet the above requirements. If the water
discharge is ladder-like distributed, the last ladder should also continue to meet the
above requirements.

In leakage flow, if inflected point method is used in parameter calculation, the
duration time should be long enough to judge the maximum drawdown. If linear
graphic method is used, the duration time can be shorter. If the data of steady stage
is used, it also should meet the requirements for steady flow.

If the test purpose is to determine the boundary location and character, the
duration time should be long enough to finish the job. For example, if there is
constant head boundary, steady stage should be reached; for linear impermeable
boundary, the second line segment in s-Igr curve should occur and the pumping
generally lasts more than 100 min. Some impermeable boundary can be permeable
when waterhead difference is high enough, so the duration time should ensure that
the water table drawdown near boundary value reaches a predetermined value.

The test duration could be long in following circumstances: using large group
wells pumping test to determine the boundary property, using the hydrogeological
numerical method to calculate the parameters of heterogeneous area, and modeling
water supply and unwatering.
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3. Measurement of water temperature and weather temperature

Water temperature and weather temperature should be measured every 2—4 h. Other
groundwater physical properties should be recorded if necessary.

4. Water sampling

At the end of pumping test, water samples should be taken for full chemical
analysis, bacteria analysis, or other special analysis. The sample for chemical
analysis should be no <2000 mL and analyzed in one week after sampling. As for
bacteria analysis, 500 mL sample is needed, which should be sealed with wax and
analysed within 6 h after sampling. Special analysis should be taken according to
requirements.

2.1.1.3 Test Equipment and Appliances

Test equipment mainly refers to pumping equipment, such as water pump. Test
appliances include flowmeter, water table indicator, water thermometer, and timer.
Besides, drainage should be constructed and communication tools should be set.

1. Pumping equipment

There are many types of pumping equipment, in which the horizontal centrifugal
pump, deep-well pump, and air compressor.

(1) Horizontal centrifugal pump

Centrifugal pump has a simple structure and small size, which is easy to handle
and adjust the flux. It can pump large quantities of water that are even mixed with a
mass of sand, but the pumping head is small, only 5-9 m. It is commonly used in
shallow well pipes and volume water or group wells.

(2) Deep-well pump

The main advantage of deep-well pump is that it can pump deep water evenly.
However it is hard to adjust the flux, and not suit for water with high sand content.
It can be used in wells that the water table is more than 10 m and with less sand.

(3) Air compressor

Air compressor has simple structure and can be easily handling and can pump
water with a mass of sand. It is not affected by the slight curve of pipe well.
However, the efficiency of the air compressor is only 15-25 %, which leads too
much wasted power. It is not able to pump evenly and stably, and cannot run a long
time. Sometime it cannot meet the engineering needs, so it is not suitable for
large-scale pumping test work.

However, it is usually used in drilling washing. In order to save cost and time, it
is also used in pumping test after washing work.

(4) Other pump types

There are many other pump types, which can be chosen according to specific
conditions. For example, axial flow pump is suitable for volume and shallow water
while jet pump and rob pump are suitable for the opposite condition; water hammer



44 2 Hydrogeological Parameters Calculation

pump is suitable for the condition that small flux and less energy. Submersible
pump is suitable for deep water and low sand content.

In short, the choice of pump depends on static groundwater table, designed outlet
water, dynamic water table, well diameter, sand content, and other requirements.
Generally, the pumping water should be more than the designed outlet water.

2. Utensils for flow measurement

(1) Weir box

Weir box is the most common flowmeter. A triangle weir box is suitable for
small flow as shown in Fig. 2.2, and a trapezoid weir box is suitable for mass flow.
Usually, weir box is made of steel, but in the group well pumping test it can be
made of brick or wood for the amount of temporary weir box is too much.

Flow calculation formulas for triangle weir box are as follows:

when

H=0021-0200m: Q= 14H (2.1)
when
H=0301-0350m: Q= 1343H: (2.2)
when
1 :
H=0201-0300m: Q= (l4+ 1.343)H?

where H is the water head, in m, which is measured by steel ruler; the ruler is 0.8—
1.0 m far from overflow plate, and its zero point and the crest of weir are in the
same horizontal line; Q is the water flow, m/s.

Fig. 2.2 Triangle weir box

O 0 0O O O O O
O O 0 O O O
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(2) Orifice flowmeter

The principle of orifice flowmeter is to set a thin-walled hole with a certain
diameter near the end of the outlet pipe and measure the waterhead of the two sides
of orifice or of the position at a certain distance from the orifice if the flowmeter is
at the end of water pipe. The waterhead is only dependent on flow velocity, if the
diameters of water pipe and orifice are determined. So the quantity of flow can be
calculated from that waterhead. There are two types of orifice flowmeters as shown
in Figs. 2.3 and 2.4. The orifice flowmeter is portable and accurate, but not suitable
for air compressors.

The following formula can be used to calculate flow in unit time:

H
0= 0.0125Ed21/m (water temperature : 1—20°C) (2.3)

where Q is the quantity of flow, m3/h; d is the diameter of orifice, mm; H is the
waterhead difference, mm; E is the coefficient determined by the diameters of

Fig. 2.3 Installation of Piezometer
orifice flowmeter _/ Plexiglas
H/ Rubber pipe
Pump H
Valve H Handle

5{ Flange =
00 | (X )
& 7N

U Water pipe

(N

(2
H

—

Fig. 2.4 Segment orifice Pressure measurement position
flowmeter
v A
}
Q ?: egment orifice plate
~
|
v A
Water pipe Seal
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orifice and water pipe, as well as the connection method of orifice. If the flange
plate is used, then:

k 2
E=———==0.606+1.25(B—0.41 2.4
i F (5041 24

B=d/D (2.5)

where k is the drainage coefficient.

(3) YKS-1 impeller orifice instantaneous flowmeter

The flow velocity, which is used to calculate the flow, can be measured by the
impeller speed. The impeller speed is measured by electronic device. This type of
flowmeter is small, light, and easy to use, which however is also not suitable for air
COMpressors.

(4) Water meter

It is used together with centrifugal pump or deep-well pump. The water should
be clear and there should be no sand or mud in it to keep the water meter work
normally. The measurement error is £2-3 %.
3. Water table indicator
The common water table indicators include electronic ones and float-type ones. The
former ones indicate the water table by an ammeter, a bulb, or a loudspeaker.
Recently, the pressure indicators and capacitor-based indicators are getting recog-
nized. All the above-mentioned types belong to contact measurement. The
no-contact ultrasonic water gauge is a new type with bright prospects.

2.1.1.4 Comprehensive Analysis of Pumping Test Data

1. Site data analysis

During the pumping test, the water table and flow should be observed and
recorded carefully. Besides, following diagrams should be drawn to know the test
progress, find out anomaly, and lay a foundation for indoor data statistic.

(1) Steady flow pumping test

(a) Draw water discharge versus time and drawdown versus time curves for main
well.

The normal curve is drawn in Fig. 2.5. At the beginning of pumping, the values
of drawdown and water discharge are all big and unstable. Over time, they become
stable. According to the changing trend of these curves, the start and end of the
stable phase can be determined reasonably.

(b) Draw drawdown versus time curves for observation wells if there is, such as
sy curves for OW1, OW?2 et al. in Fig. 2.5.

(c) Draw flow versus drawdown curves (Q = f(s) curves).

Draw the point that represents a certain flow under certain second stable
drawdown. Connect all the points to get the flow versus drawdown curve, as shown
in Fig. 2.6. The meanings of these curves are:
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Curve 1—the curve for confined groundwater.

Curve 2—the curve for unconfined groundwater, confined—unconfined groundwa-
ter, or confined groundwater that is influenced by a 3D flow or turbulent flow, or by
the resistance of well wall and filter.

Curve 3—the curve for groundwater with deficient water supply or the flow
cross-section is blocked during pumping.

Curve 4—if the pump faucet is at the same position with filter, this curve indicates
that pumping is affected by a 3D flow or turbulent flow, which makes it correct; if
the pump faucet is above filter, this curve indicates that the results of pump test are
wrong and the test should be redone.

Curve 5—this curve refers that under a certain drawdown s, the pump flow Q will
be constant; this curve occurs when the drawdown is too large.
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The Q = f(s) curves can be used to understand the hydraulic characteristics of
aquifer and yield capacity of dilled hole, to predict the maximum yield quantity, and
to verify whether the results of pumping test are correct or not.

(d) Draw unit pumping-flow versus drawdown curves (g = f{(s) curves)

Connect the points that refer to the drawdown with a certain unit pumping-flow
of the same drill hole will get the unit pumping-flow versus drawdown curve, as
shown in Fig. 2.7. The meanings of these curves are the same with Fig. 2.6.

(e) Draw water table recovery curves

The method is same with the draw drawdown—time curves.

If the pumping test is normal, the curve should be rising linearly at first, and then
the rise becomes slow, and finally turns horizontal. The wavy curves indicate that
the observation results are wrong.

The water table recovery curves can be used to estimate the groundwater type
and permeability performance of the stratum. If the water table recovers quickly, it
may be the confined aquifer or strong permeable stratum. Conversely, if the water
table recovers slowly, it is usually an unconfined aquifer or aquitard.

(2) Unsteady flow pumping test

(a) Draw drawdown versus time curves (s-f curves) with the same method
referred above. If the unsteady flow pumping test time is short, then
magnify the time scale of abscissa. If the data include main well and
observation wells, the s-f curves of them can be drawn in the same figure.

(b) Draw drawdown versus logarithmic time curves (s-lgz curves).

(c) Draw double logarithmic curves of drawdown versus time (lgs-
lgt curves).

(d) Draw double logarithmic curves of observation well drawdown versus
distance to main well (Igs-1gr curves).

(e) Draw water table recovery curves with logarithmic time (s'-1g(1 + #,/')
curves), where s’ is the remaining drawdown, m; t, is the time from the
start of pumping to the end of pumping, min; 7 is the time of water table
recovery, starting from the end of pumping, min.

Fig. 2.7 ¢ = f(s) curves g (m%d)

—

s(m)
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2. Indoor data analysis

(1) Draw a comprehensive result figure of pumping test, which includes: geo-
logical drilling histogram, technical structure graph of drill hole construction,
Q-t, s-t curves, Q-s curves, g-s curves, table of pumping test results, table of
water quality analysis, and drill hole layout plan.

(2) Calculate the hydrogeology parameters of aquifer: based on the data of steady
flow pumping test and/or unsteady flow pumping test, calculate the hydro-
geology parameters with multiple method and fill the summary sheet.

(3) Estimate the maximum flow of the drill hole.

(4) Write the work summary of pumping test which includes: the purposes and
principles of pumping test, test method, test process, major achievements,
abnormal phenomena during test and their solutions, quality analysis, and
conclusions and so on.

2.1.2 Water Pressure Test

2.1.2.1 Test Purposes

The purposes for water pressure test are: exploring the fissured properties and
permeability of rock and soil layers; calculating the parameters, such as unit water
sucking amount (®); providing bases for relevant design.

2.1.2.2 Test Types

Water pressure tests can be divided into following types:

1. Multistage water pressure test, synthesized water pressure test, and one-stage
water pressure test according to test stages.

2. One-point water pressure test, three-point water pressure test, and multipoint

water pressure test according to the number of flux-pressure relationship point.

Low-pressure test and high-pressure test according to pressure degree.

4. Water column pressure test, gravity flow water pressure test, and mechanical
water pressure test according to pressure source, which are shown in Figs. 2.8,
2.9 and 2.10.

(O8]

2.1.2.3 Main Parameters

1. Steady flux
It refers to the steady flux that is pressed into the field under certain hydrogeological
conditions and pressure.
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Fig. 2.8 Water column
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P: Water pressure
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P,: Water pressure
P,: Pressure gauge reading
L: Test segment length

Keep the pressure constant and measure the flux every 10 min. When it meets
one of following criterions, the water flow can be considered as stable, according to
the Code of Water Pressure Test in Borehole for Water Resources and Hydropower
Engineering (SL31-2003):

(1) The difference between maximum and minimum value of four consecutive
readings is <10 % of final reading Q;, which is Qmax — Omin <Qr/10.

(2) The flow is reducing gradually till four consecutive readings are all <0.5
L/min, that is 0.5 L/min > Q; > O, > Q3 > Q4.

(3) The flow is increasing gradually till four consecutive readings are no longer
increase.
In simple water pressure test, it can be lower than above standards.
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Fig. 2.10 Mechanical water Pipeline
pressure test P, Pressure gauge Pump

Groundwater table
| _V _/_ _

Plunger

L

P,: Water pressure
Py : Pressure gauge reading
L: Test segment length

2. Pressure stage and pressure value

(1) Total test pressure

Total pressure for water pressure test refers to the average pressure that acts on
the test section. It is measured with the height of water, that is “l m water
height” = 0.98 N/cm” = 9.8 kPa ~ 1 N/cm”. The total pressure can be calculated
by the following formula:

P=P,+P,+P; (2.6)

where P is the total test pressure, N/cm?; Py is the reading of pressure gauge,
N/cm2; P, is the pressure of water column, N/cm2; Py is the pressure loss that in
single-pipe column plunger from pressure gauge to the bottom of plunger, N/cm?.

(2) Zero line (0-0 line) and pressure loss

Water column pressure refers to the pressure of water from zero line to the
middle of pressure gauge. Therefore, the zero line (0-0) for pressure calculation
should be determined first. There are three conditions, as follows:

(a) When the water table is below the test section, the 0-0 line is the horizontal
line through 1/2 of the test section, shown in Fig. 2.11.

(b) When the water table is in the test section, the 0-0 line is the horizontal line
through 1/2 of the test section that is above the water table, shown in Fig. 2.12.

(c) When the water table is above the test section, the 0-0 line is the water table,
as shown in Fig. 2.13.

The pressure is measured from water table, which should be determined before
test.

Standards for stable groundwater table are as follows:

If the natural groundwater table is not affected by outer factors, or changes little,
it can be determined by the average value of 2-3 times observation.
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If the groundwater table changes, the stable water table is observed by following
steps. At the initial observation stage, the interval time should be short, and then
observed every 10 min. When the water table is no longer changed, or the rate of
change of the three consecutive readings of water table is <1 cm/min (that is
10 cm/10 min), the last measured water table could be considered as stable water
table.
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If the initial water table is higher than the stable water table in drilling, it will
gradually decrease to stable, shown in Fig. 2.14. The stable standard is: H,—H; <
10 cm, H3—H, < 10 cm and the decreasing rate is <1 cm/min.

If the initial water table is lower than the stable water table in drilling, it will
gradually increase to stable, shown in Fig. 2.15. The stable standard is: H,—H, <
10 cm, H,—H5 < 10 cm and the decreasing rate is <1 cm/min.

The pressure loss Pg can occur in following the conditions: uniform diameter,
sudden change of diameter (to bigger or smaller).

(a) Pressure loss in uniform diameter

The water pressure loss when flowing in uniform diameter can be calculated as:

S8}

v

APy =049/ -~ — (2.7)
g

Ul ~

where AP;; is the pressure loss in the uniform diameter pipe, N/em?; 1 is the length
of pipe, m; d is the inner diameter of pipe, m; v is the velocity of water, m/s; g is the
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Table 24 Resistance did, |01 o2 0.4 0.6 0.8
coeflicients a 0.5 0.42 033 025 0.15
Notes d, is the larger diameter and d, is the smaller diameter

acceleration of gravity, 9.81 m/sz; 2 is the friction coefficient, 0.02—0.03 for steel

pipe.
(b) Pressure loss in sudden expansion diameter pipe

(vi =)’

APy =049 - (2.8)

where APy, is the pressure loss in the sudden expansion diameter pipe, N/cm?; v, is
the velocity of water in small diameter segment, m/s; v, is the velocity of water in
large diameter segment, m/s.

(c) Pressure loss in sudden reduction diameter pipe

V2
AP = 0493~ (2.9)

where AP is the pressure loss in the sudden reduction diameter pipe, N/cm?; v is
the velocity of water in small diameter segment, m/s; g is the acceleration of
gravity, 9.81 m/s?; « is the resistance coefficient, see Table 2.4.

In engineering investigation, usually choose one-point water pressure test, and
the water pressure is 30 N/cm?.

(3) Length of test segment

The length of test segment usually is 5 m.

If the rock core is intact (w = 0.01 L min— m_z), it can be lengthen, but not
longer than 10 m. For tectonic fracture zones, karst segments, sand and gravel
layers with strong permeability, the length should be determined by specific con-
dition. If the length of rock core is <20 cm, it can be included into the test segment.
For tilt test drilling, the test length is the actual length of the drilling.

2

2.1.2.4 Test Data Compilation

1. Test data reliability judgment

The reliability of one-point water pressure test data depends on the quality of
drilling and pressure process. Ensure the data reliability by following test programs:
drill with clean water — wash the test drilling — set plunger — observe stable
water table — press water, keep the pressure constant and read Q — error check —
loosen and pull out the plunger.
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2. Test outcome and application

(1) Unit water sucking amount @

The major outcome of water pressure test is unit water sucking mount (), which
can be calculated as:

o= 9 (2.10)
LP

where o is the unit water sucking amount, L/min m?; Q is the steady packing flow
in drill hole, L/min; L is the length of test section, m; P is the total applied pressure,
N/em?,

The decimal of w is limited to 0.01.

The w got from water pressure test usually less than the real value, so it unsafe to
use it in engineering design.

(2) Estimate the hydraulic conductivity K according to @

If the distance from the lower end of test section to the aquifer’s bottom is larger
than the length of test section, the aquifer’s hydraulic conductivity K can be esti-
mated as:

K = 0.52701g -00L (2.11)
r

where K is the hydraulic conductivity, m/day; L is the length of test section, m; r is
the radius of drill hole or filter, m; @ is the unit water sucking amount, L/min m>.

If the distance from the lower end of test section to the aquifer’s bottom is less
than the length of test section, the aquifer’s hydraulic conductivity K can be esti-

mated as:

1.32L
K =0.527w lgT (2.12)

The meanings of symbols are the same with above.

(3) Relations between unit water sucking amount and rock fracture

The relations between unit water sucking amount and rock fracture coefficient
are shown in Table 2.5.

Table 2.5 Relations between it water sucking amount | Fracture Rock
unit water sucking amount (L/min mz) coefficient evaluation
and rock fracture coefficient
<0.001 <0.2 Complete
0.001-0.01 0.2-0.4 Relatively
complete
0.01-0.1 0.4-0.6 Some
fracture
0.1-0.5 0.6-0.8 More fracture
>0.5 >0.8 Cracked
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2.1.2.5 Test Equipment and Demands

Pipeline: inner pipe use steel and outer pipe use rubber.

. Water supply equipment: if the water pressure test is for geological investiga-
tion, it’s better to adopt gravity flow type water pressure test.
The flow of the pump should be no <100 L/min under 150 N/cm? pressure, and
the flow pressure should be stable. The pump should be with an agile and
reliable valve.

3. Pressure gauges: the pressure gauge should be qualified with an accuracy no
<2.5° the working pressure is usually in the 1/3—1/4 measuring range; when
lightly knock the pressure gauge during working, the pointer change should be
no more than 2 % of the measuring range; the pointer can return to zero when
stop loading.

4. Flow measurement: measuring cylinder, water meter.

5. Water table measurement: measurement bell and plumb; electronic water table

indicator.

o =

2.1.3 Water Injection Test

Drilling water injection test is a simple measurement method for aquifer perme-
ability in field, the principles of which is similar with pumping test.

Drilling water injection test is usually used in following conditions: (1) the water
table too deep to be pumped; (2) the rock and soil layer is dry.

The testing apparatus are shown in Fig. 2.16.

Inject water in drilling continuously and constantly to form constant water table.
The duration of stable time depends on test purposes and requirements, which is

Fig. 2.16 Schematic of Connect Switch
drilling water injection test

to pump ==

e = N

IV B Rt |

[y w—

[: Length of filter s: Drawdown
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usually 2-8 h. This kind of test can be used in calculating the hydraulic conduc-
tivity (K) and unit water sucking amount ().

According to engineering experience, in horizontal aquifer with huge thickness,
K can be calculated by following formulas:
When l/r < 4:

k- 2080 (2.13)

i 1
rs\/2; T g

when I/r > 4:

03660, 2

K:
Is gr

(2.14)

where [ is the length of filter, m; Q is the constant injection water amount, m*/day;
s is the waterhead in drilling, m; r is the radius of drilling or filter, m.

The hydraulic conductivity that calculated above is 15-20 % less than it cal-
culated by pumping test formulas.

The K for single layer and K for double layers can be calculated in two tests.
Since KL = K;l| + K>l,, so that K> = (Kl — K;l,)/1,.

If the water table is deep and the medium is uniform, and in the condition that
50 < h/r < 200 and the water height in drilling is higher than 1 m, K can be
calculated by Eq. (2.15):

Q. 2h
K=0423=1g— 2.15
e (2.15)
where & is the water height in drilling, m.
The error of K that calculated by Eq. (2.15) is <10 %.

2.1.4 Infiltration Test

Infiltration test is a simple method that is taken in trial pit to measure the hydraulic
conductivity of vadose zone in field. The most common methods are trial pit
method, single-loop method, and double-loop method as shown in Table 2.6.

2.1.4.1 Test Method

1. Trial pit method
Trial pit method is the test that conducted in trial pit, which is 30-50 m deep. The
shape can be square, whose length of side is 30 cm, or can be round with the
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Table 2.6 Infiltration test method (from Handbook of Engineering Geology 1992)

Test method | Test sketch map Advantages and Notes
disadvantages
Trial pit Switch 1. Simple device; | When there is
method 2. Effected by anti-seepage
lateral penetration, | measurement
// / leading to low on the wall of
/ 7 accuracy round Iz)it,
v F = zr*. When
i there is no
§ anti-seepage

Test layer / measurement,
///////// Fex

Single-loop 1. Simple device; | \here r is the
method @ 2. Lateral radius of pit
penetration is not | pottom, Z is the
kH L ) considered, thickness of
; leading to low water in pit
2: ¥ 4 accuracy

35.75cm

@ m 1. Simple device;
7 2. Effect of lateral

L H J t% penetration is

excluded, so that

HHFH:L r—T,r the results are
§ i accurate
// Inner loop \\\Omcrloop

37.75 cm diameter. The water table is 3—5 m beneath the pit bottom. Lay a layer of
gravel sand with a thickness of 2 cm. Control the flow continuous balancing and the
water a constant thickness (10 cm) since test starting. When the injection water
amount is stable and then lasts for 2—4 h, the test can be completed.

If it is the coarse sand, gravel or cobble layer that tested, the water thickness
(Z) should be kept in 2-5 cm. When (Hy + Z + [)/l ® 1, hydraulic conductivity can
be calculated by following formula: K = % = v, where Hy is the capillary pressure
head (in m), can be found in Table 2.7; [ is the water penetration depth when test
completes, which can be determined after excavation or by water content analysis.

The sketch map of the trial pit method is shown in Fig. 2.17. This method is
usually used in sand, which is not much influenced by capillary pressure. As for
clay, the result is usually on high side.

2. Single-loop method

Embed an iron loop that has a height of 20 cm, a diameter of 37.70 cm and an area
of 1000 cm® on the pit bottom. At the start of the test, control the water column
more than 10 cm high in the loop by Mariotte bottle. When the infiltration amount

Double-loop
method
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Table 2.7 Capillary pressure g4 type Hy (m) | Soil type H, (m)

head (Hy) of different soil - -

type (from Handbook of Silty clay (SC) 1.0 Fine clayed sand (SM) | 0.3

Engineering Geology 1992) Clay (CLS) 0.8 Silty sand 0.2
Clayed silt (CL) |0.6 Fine sand 0.1
Sandy silt (MLS) | 0.4 Medium sand 0.05

Notes The Hy values in above table are always lower

Fig. 2.17 Sketch map for
trial pit method applied in
clay

k
1T
L

Capillary zone

Q is constant, the test is complete and the infiltration rate can be calculated by
Eq. (2.16), which is equal to the hydraulic conductivity of soil layer.

0
v===K 2.16
= 2.16)
In addition, infiltration rate can be calculated by following steps: measured the
infiltration amount in a certain period of time (e.g. 30 min); compute the average
infiltration rate value; draw the infiltration rate duration curve, shown as Fig. 2.18.

v (cm/s)
=}
=
S
(98]

Seepage velocity

11 12 13 14 15 16 17 18 19 20
Time 7 (h)

Fig. 2.18 Seepage velocity duration curve in infiltration test
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It can be found that the infiltration rate decreases with time and tend to be a
constant, which can be considered as hydraulic conductivity.

3. Double-loop method

Embed two iron loops on the bottom of the trial pit. The outer one has a diameter of
0.5 m and inner one is 0.25 m. Keep the water table the same in both loops by
Mariotte bottle. Calculate hydraulic conductivity according to the data that is
obtained from the inner loop. The water in inner loop only infiltrates vertically,
which can exclude the effect of lateral infiltration and makes the results more
accurate.

2.1.4.2 Parameters Calculation

When the infiltration water amount is tend to be constant, the hydraulic conduc-
tivity can be calculated by following equation, in which the capillary pressure has
been considered.

0l

K=— o
F(Hy+Z+1)

(2.17)

where Q is the constant infiltration amount, cm>/min; F is the infiltration area of
inner loop, cm?; Z is the thickness of water in inner loop, cm; Hy is the capillary
pressure head, cm; [ is the infiltration depth when test complete, cm.

If the infiltration can be steady for a very long time, K can be calculated by
Eq. (2.18):

n Ftia,

[a1 + ln(l +a1)] (2.18)

In(1+ay) —%ln<l - %)

_uW
nV,

a; = (2.19)

where Vi, V, are the total infiltration amount during ¢, and 1,, m>; t; and t, are the
cumulative time; F is the infiltration area of inner loop, cmz; a, is the alternative
factor, calculated by trial method.

2.1.4.3 Test Data Compilation

Draw the layout of pit plane position.

Draw the hydrogeological cross-sectional view and the test device.
Draw the penetration rate duration curve.

Calculate the hydraulic conductivity.

Organize the original recording sheets.

Nk W=
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2.2 Measurement of Groundwater Table, Flow Direction
and Seepage Velocity

2.2.1 Measurement of Groundwater Table

Groundwater table is the naturally relative stable water table, which means it has no
obvious up or down trend during a period.

Water table can be measured by water table indicator, which should be chosen
according to engineering properties, construction conditions and measurement
accuracy.

2.2.1.1 Measurement Bell

Measurement bell is acommon tool used in borehole and observation hole. It is a metal
cylinder with a diameter of 25—40 mm and length of 50-80 mm. The top is closed,
connecting with a measuring line, and its accuracy is 1-2 cm. It can make a sound after
contacting with water, which may hardly to identify when water table is too low.

2.2.1.2 Battery Water Table Indicator

Battery water table indicator consists of electrodes, wires, uA ampere meter and dry
battery. The accuracy is about 1 cm. It is convenient to use, making it available for
all boreholes with any diameter or depth.

2.2.1.3 Auto Water Table Recorder

It adopts the clock spring principle so that it can automatically record water table. It
can be used in wells with a diameter larger than 89 mm. The accuracy is about
+1.5 cm.

2.2.2 Measurement of Groundwater Flow Direction

Groundwater flow direction can be measured by three-point method, shown in
Fig. 2.19. Set three boreholes to create a near equilateral triangle. Measure the
water table in these boreholes, and then draw the water table contour map. The
direction that is perpendicular to contours and point to the descent side is the
groundwater flow direction.
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Fig. 2.19 Layout of drillings 1
for groundwater direction 94.31 N
measurement
94.2
I
94.1 94.11
94.01 S
&
93.9
93851 gS

Besides, groundwater flow direction also can be measured by artificial
radioisotopes method. Trickle the radioactive tracer into a single well, and then
measure the concentration of the tracer around the well. The direction with the
highest concentration of tracer is the flow direction.

2.2.3 Measurement of Seepage Velocity

2.2.3.1 Hydraulic Gradient Method

Measure the hydraulic gradient between adjacent water table contours on water
table contour map. Groundwater flow velocity can be calculated by Darcy’s law:

v =KI (2.20)

where v is the seepage velocity, m/day; K is the hydraulic conductivity of aquifer,
m/day; and [ is the hydraulic gradient.

2.2.3.2 Indicator or Tracer Method

Indicators and radioactive tracer can be used in in situ seepage velocity measure-
ment. Here are some requirements: borehole should be set in a typical position of
the tested aquifer; groundwater around borehole is steady laminar flow.

Set tracer injection hole and observation hole along flow direction line. Two
assistant observation holes can be set to prevent tracer or indicator bypassing the
main observation hole, shown as Fig. 2.20. The distance between Delivery hole
(DH) and Observation hole (OH) depends on the permeability of soil or rock,
shown in Table 2.8.

Draw indicator concentration versus time curve and use the time corresponding
to the peak or average concentration to calculate the actual flow velocity:
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Fig. 2.20 Layout of drillings Tracer injection hole
for groundwater velocity
measurement
=
£
g g
5 13)
= 2
]
=
0-8,,]
Assistant O Assistant
observation Main observation
hole observation hole
hole
Table 2.8 Distances Rock or soil type Distance (m)
between injection hole and -
. Silt 1-2
observation hole
Fine sand 2-5
Coarse sand with gravel 5-15
Fractured rock 10-15
Limestone high karst degree >50
l
U=- (2.21)

where u is the average actual groundwater flow velocity, m/h; [ is the distance
between injection hole and observation hole, m; ¢ is the time mentioned above, s.
Seepage velocity can be calculated by following formula:

VvV =nu

where n is the porosity.

The seepage velocity also can be tested in situ by single well artificial
radioisotopes method. The common radioactive tracers include 3 H, 51Cr, 60Co,
82Br, 13 lL 37Cs et al. According to the tracer’s concentration versus time curve, the
average actual flow velocity u can be calculated by following formula, shown in
Fig. 2.21.

U="m <9> (2.22)
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Cable

a)  Record b
( ) ccorder Well pipe ( )
7 v C
|77
/) [
'y Grout & Seal 8
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=
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Fig. 2.21 Single well test. a Single well dilution method. b Dilution duration curve of indicator

where C and C are tracer’s concentration of time 7 = 0 and T = ¢ respectively,
pg/L; ¢ is the time duration of observation, h; s is the vertical cross section area of
isolated part that water pass through, m%; V is water volume in isolated part, m>.
Single well method is shown in Fig. 2.21.
Other measurement methods are shown in Table 2.9.

2.3 Capillary Rise Height Determination

Methods for capillary rise height determination are as follows:

2.3.1 Direct Observation Method

This method could apply to silty soil and clayed soil, which has a large capillary
rise height. A boundary of wet and dry soils can be easily observed in trial pit, the
distance from which to water table is the capillary rise height.

2.3.2 Water Content Distribution Curve Method

2.3.2.1 Plastic Limit Test Method

This method could apply to silty soil and clayed soil. Soil samples are taken every
15-20 cm above the water table, and their water content and plastic limit are tested.
Then two curves that water content and plastic limit against depth are obtained,
whose intersection depth to water table is the capillary rise height.
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2.3.2.2 Maximum Molecular Water Absorption Method

This method could apply to sand, that is high column method for medium-coarse
sand and water absorption medium method for fine sand. Soil samples are taken
every 15-20 cm above the water table, and their maximum water absorption and
natural water content are tested. Then two curves that natural water content and
maximum water absorption against depth are obtained, whose intersection depth to
water table is the capillary rise height.

2.4 Pore Water Pressure Determination

Pore water pressure of saturated soil foundation changes during foundation treat-
ment and base construction. Its crucial to measure pore water pressure due to its big
effect on soil deformation and stability.

Engineering projects that pore water pressure measurement should be taken and
its aims are shown in Table 2.10.

2.4.1 Pore Water Pressure Gauge and Measurement
Methods

Pore water pressure gauges should be chosen in accordance with measurement aims,
period, and soil permeability. Their accuracy, sensitivity, and range should meet the
needs. Table 2.11 shows the instrument types and their application conditions.

2.4.2 Calculation Formulas

Calculation formulas for different types of pore water pressure gauges are shown in
Table 2.12.

Table 2.10 Engineering projects and measurement aims

Engineering projects Measurement aims

Preloading foundation Consolidation degree estimation and loading rate controlling

Dynamic consolidation Time intervals controlling and effective influence depth
determination

Prefabricated pile Pilling rate controlling

construction

Engineering dewatering Relief well pressure monitoring and land subsidence controlling

Landslide Landslide monitoring and treatment
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Table 2.11 Pore water pressure gauges and their application conditions

Pore water pressure gauge

Application conditions

Riser pipe pressure gauge (open type)

Hydraulic conductivity >10™* cm

Water pressed pressure gauge (hydraulic type)

Low hydraulic conductivity

Accuracy >2 kPa

Period of measurement <1 month

Electric pressure gauge

Vibration string type

All kinds of soil
Accuracy <2 kPa

Period of measurement >1 month

Differential transformer type

All kinds of soil
Accuracy <2 kPa

Period of measurement >1 month

Resistance type

All kinds of soil
Accuracy <2 kPa

Period of measurement <1 month

Pneumatic pressure gauge (air pressure type)

All kinds of soil
Accuracy >10 kPa

Period of measurement <1 month

Piezo-cone static penetration apparatus

All kinds of soil
Short period of measurement

Table 2.12 Calculation formulas for different types of pore water pressure gauges

Type Calculation Symbols
equation

Hydraulic u=~P,+p,h u—Pore water pressure, kPa

type P.—Gauge reading, kPa
h—Distance between pore water pressure gauge and the
base table of piezometer, cm
py—Water density, g/cm®

Air pressure u=c+aP, ¢, a—Calibration constants of pressure gauge

type K—Sensitivity coefficient of pore water pressure gauge,

Vibration u=K (f02 —f 2) measured in kPa/Hz? for vibration string type and kPa/e

string type for resistor type
Jo—Frequency of pore water pressure gauge at zero, Hz
f—Frequency of pore water pressure gauge after pressed,
Hz

Resistor type u=K(e — &) e1—Reading of pore water pressure gauge after pressed,
ue
gp—Reading of pore water pressure gauge before
pressed, pe

Differential u=(A—Ap)K |A—Initial reading, V

resistor type A¢—Measured value, V
K—Calibration coefficient, kPa/V
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2.5 Hydrogeological Parameters Calculation in Steady
Flow Pumping Test

Hydraulic conductivity K and conductivity coefficient T can be calculated by steady
flow formulas with test data. Hydraulic conductivity represents the aquifer’s per-
meability, which equal to seepage velocity when hydraulic gradient = 1.
Hydraulic conductivity relates to properties of both aquifer and liquid. Conductivity
coefficient T = KM (M represents aquifer’s thickness).

2.5.1 Calculation of Hydraulic Conductivity

When single well pumping test reaching to a steady state, the drawdown s and water
discharge Q can be measured. Generally, three group data, which are s; and Q, s,
and Q,, s3 and Q3 should be got.

2.5.1.1 Dupuit Formula

Dupuit formula can be applied to hydraulic conductivity calculation for homoge-
neous, isopachous, and infinite horizontal extent aquifer with a fully penetrating
pumping well.

Confined aquifer:

0 R
K= In— 22
2nMsy, nrW (2.23)
Unconfined aquifer:
R
K= Q In— (2.24)

ﬂ(Hg — h\z,v) 'y

where K is the aquifer’s hydraulic conductivity, LT % 0 (in L*T™Y) and s, (in L)
are water discharge and drawdown, respectively, when pumping test reaching to a
steady state; R is the radius of influence of the pumping well, L; r,, is the radius of
the pumping well, L; M is the aquifer’s thickness, L; H, is the natural water table of
unconfined aquifer, L; A, is the water table in pumping well when pumping test in
unconfined aquifer reaching to a steady state, L.

Formulas should be chosen correctly according to hydrogeological conditions,
boundary conditions and well structure.
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2.5.1.2 Three-Dimensional Single Well Formula
Dupuit formula does not consider 3D flow near pumping well, so the drawdown it

used is lager, which lead to the calculated K is usually less than actual value.
Three-dimensional formula is an amendment of Dupuit formula, as Eq. (2.25).

n_ [
2nKM  ry  gmird

0 R 0? f 5. 72 M 1
1 7’ + —
6M2D M2 24D 3

(2.25)

where D is the diameter of the pumping well, L; f is the friction coefficient of the
filter tube, which is equal to 64/Re in laminar flow; g is the acceleration of gravity,
m/sz; Z is the distance between the bottom of filter tube to the bottom of the aquifer,
L. Other symbols are the same with that of Dupuit formula.

For ease of use, two parts of the former formula can be represented by A and C,
respectively, that are:

0 R

= 1
2nKM n I'w

_ 1 f +Zz M1
 gn?rt \6M2D M2 24D 3

So the 3D formula can be expressed as:
s =AQ + CQ? (2.26)
or
s = sy £ CO? (2.27)

where s,, is the drawdown in pumping well, L; s is the amendment drawdown
considered 3D flow, L.
A and C are constants when size of pumping well is determined. That means
s and Q has a parabolic relation and A, C can be obtained by graphic method.
Making ¢ = é as unit flow drawdown, then s-Q parabola will simplify to ¢-Q line

as follow, shown in Fig. 2.22.
e=A+CQ (2.28)
where A is the intercept; C is the slope, which can be rewritten as:

_ Siv1/Qiv1 — 81/ Qi
Qi1 — Qi

C

(2.29)
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Fig. 2.22 &-Q curve L |

bo 0, 0., 0

where s; and s;,, are the drawdowns for the ith pumping and (i + 1)th pumping,
respectively; Q; and Q,,, are the water discharge for the ith pumping and (i + 1)th
pumping, respectively.

Steps for hydraulic conductivity calculation using single well pumping data are
as follows:

1. Draw s,, (or Ah2)-Q curve

Draw s-Q curve for confined aquifer or Ahfv—Q curve for unconfined aquifer
according to steady flow pumping test data. Here, Ah2 = H3 — hZ.

There are three types of s, (or Aha)-Q curves in engineering practice, shown in
Fig. 2.23.

2. Calculate K

(1) If sy, (or Ah%v)-Q curve is a straight line, as line (1) in Fig. 2.23, that means

the groundwater flow is two dimensional and C = 0 in Eq. (2.26). So hydraulic
conductivity K can be calculated by following formulas:

Fully penetrating well in confined aquifer:

o R

= n
2nswM 1y

Fully penetrating well in unconfined aquifer:

0 R 0 R
In—

K=——>= = In— 2.30
n(H% — h%v) rw  mdhl rlrW ( )
Fig. 2.23 s, (or AR2)- 0 0
QO curve
(3)
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Dupuit formula that be used in unconfined aquifer should meet the need that the
water gradient of cone of depression <1/4. If the drawdown in unconfined aquifer is
less than one tenth of the aquifer’s thickness, formulas for confined aquifer can be
used and M will be replaced with H,, which represents the aquifer’s thickness.

For partially penetrating pumping well, corresponding formulas should be
chosen.

(2) Curves (2), (3) in Fig. 2.23 represent three-dimensional groundwater flow,

so that &-Q curve should be drawn as shown in Fig. 2.22, where ¢ = é in confined

2
aquifer and ¢ = % in unconfined aquifer. Intercept A can be obtained from

it and then hydraulic conductivity K can be calculated as follows:

Fully penetrating well in confined aquifer:

0 R
K= In— 2.31
27IAMnrW (231)

Fully penetrating well in unconfined aquifer:

1 R
K=—In— 2.32
TA nrW ( )

2.5.1.3 Steady Pumping Test with Observation Wells

Hydraulic conductivity can be calculated in steady pumping test with observation
wells, which is usually more than two. Specific steps are as follows:
1. Draw s, (or Ah?)-lgr curve curves according to pumping test data, shown in
Fig. 2.24, where Ah* = H3 — h’.
2. Calculate K by following formula:

Fully penetrating well in confined aquifer:

0 rn 2301

= In—= 2.33
2nM (s — s7) nr1 2nM m, ( )

10° 10' 10 lgr (m)

s (m)

o N A~ N O
L L f L

Fig. 2.24 s, (or Ah%v)—lgr curve
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where (rq, s1) and (75, s,) are the coordinate values of two random points of the
straight-line portion in s-1gr curve; m;, is the intercept of the straight-line portion,
. S1—S
My = 'g”i—lé"z'
Fully penetrating well in unconfined aquifer:

0 rn 230 1
K = In—= = —
n(Ah% — Ah%) i Tom

(2.34)

where (rq, Ahlz) and (rq, Ahzz) are the coordinate values of two random points of
the straight-line portion in Ah> —1g r curve;

AW = H} — i

where H is the thickness of unconfined aquifer before pumping, L; & is the height of
water column that from aquifer’s bottom to water surface in observation well, L; m,

. . . . . Ahi—Ah3
is the intercept of the straight-line portion, my = [y

2.5.1.4 Choice of Formulas and Empirical Values

Formulas for hydraulic conductivity calculation can be chosen from Tables 2.13,
2.14, 2.15, 2.16 and 2.17, according to different engineering condition. Empirical
values can be chosen from Tables 2.18, 2.19, and 2.20.

2.5.2 Calculation of Radius of Influence

Radius of influence of pumping well is one of the aquifer’s original data in
hydraulic conductivity calculation. It can be determined by steady pumping test
with observation wells. There are two kinds of methods, as follows:

2.5.2.1 Graphing Method

Draw s (or Ah?)-lgr curves according to pumping test data, shown in Fig. 2.24.
Lengthen the straight-liner segment to Igr axial, and the intersection R is the radius of
influence of pumping well in hypothetical cylindrical aquifer. According to the
conception of “reference influence radius”, R is a constant that does not change with
water discharge. So all s (or Ah?)-Igr curves should intersect in one point, which is R.
If they did not, reasons should be found, for example the change of recharge
condition (Fig. 2.25).
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Table 2.13 Partially penetrating well in unconfined aquifer (filter submerged) (from Handbook of
hydrogeological investigation of water supply 1977)

Graphs

Formulas

Application
condition

K — 03660

0.661
Isy, T

1. Filter installed in
the middle of
aquifer
2.1<0.3H
3.¢=(03-04)H
4. No observation
well

0.160

Ll ey

(2.3 Ig 0%"’[ — arsh #)

Condition 1, 2, and
3 is the same with
above;

4. Have one
observation well

__0.3660(1gR—1g ry)
K="

1. Filter installed in
the middle of
aquifer

2. No observation
well

_ 03660(1gr —lgr,)
K=" "0

Condition 1, 2, and
3 is the same with
above

4. Have one

= observation well
|
K = 07300z Rfllg rw) 1. Filter installed
_ S B 2 = sw(H+1) near the bottom of
j} aquifer
= 2. No observation

well

2.5.2.2 Formula Method

Steps of influence radius calculation with data of steady pumping test are as

follows:

1. Draw s (or Ah?)-lgr curves according to pumping test data.
2. Choose two points A (lgr;, s;) and B (Igr,, s,) or A (Igry, Ahlz) and B
(Igr2, Ah}) in straight-liner segment, then calculate R by following formulas:
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Table 2.14 Partially penetrating well in unconfined aquifer (filter unsubmerged) (from Handbook
of hydrogeological investigation of water supply 1977)

Graphs

Formulas

Application
condition

0.730
I+ sy !

el g

K=

Sw

1. Filter installed
near the top of
aquifer
2.1<03H

3. Aquifer has a
large thickness

2D

U U
0.160 <2.31gﬂ — arsh ! )

- I'(s—s1) Iw ;
where I' =1y — 0.5(s+s1)

1. Filter installed
near the top of
aquifer
2.1<03H
3.5<03]

4. Have one
observation well;
radius r; < 0.3

N

K- 0.730

[+ sy 2m
Sl gE T 4m 4m
g R z(212;;/4) ~lgdn
where m is the distance between the

middle of filter and the aquifer bottom;
A depends on I/m

1. Filter installed
near the top of
aquifer
2.1>0.3H

3. No observation
well

K— 0.366Q(1gR — lgry)

H1Sw
where H, is the distance between
bottoms of filter and aquifer

No observation well

0.366Ql 0.661

Isy J Iy

1. Pumping under
river

2. Filter installed in
the middle or near
the top of aquifer

I
3.¢> 1

(Usually
¢ < (2-3) cm)

Fully penetrating well in confined aquifer:

IgR

silgr — sy lgr
S1 — 82

(2.35)



76 2 Hydrogeological Parameters Calculation

Table 2.15 Fully penetrating well in confined aquifer (from Handbook of hydrogeological
investigation of water supply 1977)

Graphs Formulas Application condition
Pumping  Observation ~Observation K = Q7320 1g® No observation well
well well 1 well 2 QH—)s ©r
- _ 0.7320 n ;
K = 7 e e d 4 1 Have one observation well

K=

0.7320

(2H—s1—52)(s1—52) lg:—f

Have two observation well

i
=

Table 2.16 Fully/partially penetrating well in confined aquifer (from Handbook of hydrogeo-
logical investigation of water supply 1977)

Graphs

Formulas

Application
condition

-~
)77

0.366
K =234

a = 1.6 'mpunckuit
a = 1.32 B.J1.babymikun

1. In confined
or unconfined
aquifer

2. Filter is next
to the top or
bottom of
aquifer

3.Ur > 5and
1< 03M

aM
lg——-A
r

Ms |2a
a=I1/M

K 0:3660 F (2

1. In confined
aquifer

2. Filter is next
to the top of
aquifer
3.l/r>5 and
1> 03M

(by Muskat
formula)

)=

Observation
well 2

Observation

well 1
7

Pumping
well

\

__ 036601, R
K==,

Dupuit
formula

No
observation
well

) i
/\”}i/ﬂzy ’ //

03660
K= M(sfsl)lgr_rl

Dupuit
formula
Have one
observation
well

03660 1,12
M(s1—s2) ©r

K=

Dupuit
formula
Have one
observation
well
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Table 2.17 Water table recovery method (from Handbook of hydrogeological investigation of

water supply 1977)

Graphs

Formulas

Application
condition

Notes

K= L.57ry (ha—h1)

t(s1 +52)

Flat bottom
well and trial
pit with large
diameter in
confined
aquifer

_ rwlha=h)
K= 1(s1 +Szl)

Spherical well
and trial pit
with large
diameter in
confined
aquifer

K= 33 Inst

(H+2r)t

Fully
penetrating well
in unconfined
aquifer

_ Ty 1y H-y
K ="rIng=

1. Fully
penetrating well
in unconfined
aquifer

2. Seepage just
occurs on the
bottom of well
with large
diameter

Obtain a series of k that
related to water table
recovery time, and draw
k-t curve, in which the
constant value of
hydraulic conductivity
can be determined, as
shown in following
figure
Kl

K,

t
K, : The final stable value
of K

Table 2.18 Empirical values
of hydraulic conductivity

K (from Handbook of
Engineering Geology 1992)

Soil type K (m/day)
Sandy silt <0.05
Clayed silt 0.05-0.1
Silty clay 0.1-0.5
Loess 0.25-0.05

0.5-1.0

Soil type K (m/day)
Fine sand 1-5
Medium sand 5-20
20-50
100-200
20150
500-1000

Coarse sand

Gravel

Gravel-boulder
Boulder

Silty sand
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Table 2.19 Hydraulic conductivity of gravels (from handbook of engineering geology 1992)

Average particle size dso (mm) 25.0 21.0 14.0 10.0 5.8 3.0 2.5
Nonuniform coefficient 1 (dso/do) 2.7 2.0 2.0 6.3 5.0 3.5 2.7
Hydraulic conductivity K (cm/s) 20.0 20.0 10.0 5.0 33 3.3 0.8

Table 2.20 Hydraulic conductivity of some kinds of soil (from Handbook of Engineering
Geology 1992)

Soil type K (m/day) Soil type K (m/day)
Clay <12x107° Fine sand 12X 107°-6.0 x 1073
Silty clay 12X 107%-6.0 X 107° Medium sand 6.0 X 107°-2.4 X 1072
Clayed silt 8.0 X 107°-6.0 x 10™* Coarse sand 2.4 X 107°-6.0 X 1072
Loess 8.0 X 107*-6.0 x 107* Gravelly sand 6.0 X 107>-1.8 x 107!
Silty sand 6.0 % 107%-1.2 x 1073
Fig. 2.25 Coefficient A-a 5
curve A

4 1\

3

2

| T

\
\
0 \\ o

01 02 03 04 05 06 07 08 09 10

Fully penetrating well in unconfined aquifer:

_ Ah%lgrz —Ah%lgrl

lgR
& A2 — AR

(2.36)
2.5.2.3 Choice of Formulas and Empirical Values

Table 2.21 shows some formulas for influence radius calculation. Most results are
approximate values. Empirical values can be chosen from Table 2.22.
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Table 2.21 Formulas for influence radius calculation

Calculation formulas

Application
conditions

Notes

__ silgr—slgn
IgR = EEmrr—

1. Confined aquifer
2. With two
observation wells

Accurate (By Dupuit formula)

lgR _ s1(2H—s1)lgr—s;(2H—s;) g,

1. Unconfined aquifer

Accurate (By Dupuit formula)

(51=52)2H=s51=52) 2. With two
observation wells
lgR =slen=siler 1. Confined aquifer Calculated value is larger than

s—51

2. With one
observation well

actual value

 SQH-s)lgri—s1(2H—s1)lgr
lgR = ==

1. Unconfined aquifer
2. With one
observation well

Calculated value is larger than
actual value

lgR — 2.73QKMs + lg r

1. Confined aquifer
2. No observation
well

Calculated value is larger than
actual value

+ lgr

_ 1.366K(2H—s)s
IgR = —5—=

1. Unconfined aquifer
2. No observation
well

Calculated value is larger than
actual value

R =10svK 1. Confined aquifer Rough calculation (By W. Sihardt
2. No observation formula)
well

R = 2svVHK 1. Unconfined aquifer Rough calculation (By W.II.
2. No observation Kycakun formula)
well

o oK 1. Unconfined aquifer (By Kozeny formula)

R=\[TV% 2. Fully penetrating
well

R =3, [Kit Unconfined aquifer (By Weber formula)

n
R= % Confined aquifer Rough calculation (By

E-E-Kepxkuc formula)

Symbols in this table

s1, $» Drawdowns for observation wells, m
ry, r» Distance between pumping well and observation well, m

r Radius of pumping well, m

H/M Thickness of unconfined/confined aquifer, m

K Hydraulic conductivity, m/day
t Time, d

u Specific yield

i Hydraulic gradient
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Table 2.22 Empirical values of influence radius R

Soil type Primary particle diameter Weight ratio Influence radius
(mm) (%) R (m)
Silty sand 0.05-0.1 <70 25-50
Fine sand 0.1-0.25 >70 50-100
Medium sand 0.25-0.5 >50 100-200
Coarse sand 0.5-1.0 >50 300400
Very coarse 1.0-2.0 >50 400-500
sand
Small gravel 2.0-3.0 500-100
Medium gravel 3.0-5.0 600-1500
Large gravel 5.0-10.0 1500-3000

2.5.3 Case Study

Layout of pumping test wells in Tongji University is shown in Fig. 2.26. The filters
of both main well and observation wells are all drilled in the same aquifer, which
contains mainly fine to medium sand with gravel and coarse sand. The buried depth

Observation Observation Observation

well 1 well 2 well 3
©

3m

20m

30m

Fig. 2.26 Layout of pumping test wells

Fig. 2.27 Q-s curve 0 1000 2000 3000 Q (mYd)
L L 1

34

s (m)
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of the aquifer is 67.7 m, and the thickness is 23.1 m. Diameters of main well and
observation wells are 305 mm and 152 mm, respectively.
Three steady pumping tests were taken and the matching line that water dis-

charge Q versus drawdown s is shown in Fig. 2.27. Other tests data are shown in
Table 2.23.

2.5.3.1 Calculation of Influence Radius

1. Influence radius of pumping well is 930 m, which determined by graphing
method, shown in Fig. 2.28.
2. R can also be calculated by formulas as follows:

silgry —splgr 0.521g30 — 0.311g3

lgR; = =2.9532 d R; =898

&t 51— 2 0.52 — 0.31 , and & m
0.701g30 — 0.431g 3

IgR, = = 3. R, = 1174

g 070 — 043 3.0697, and R, 74 m

 0.811g30 — 0.471g3 B

IgR; = 081 =047 =2.8595, and R3; =724m

R+ R, +R
R= % —932m

Table 2.23 Data of steady pumping tests

Test Water discharge Drawdown (m)
3 -1
number | Q (m” day ) so for MW | s, for OW1 |s, for OW2 |55 for OW3
1 1570 1.385 0.52 0.36 0.31
1954 1.635 0.70 0.47 0.43
3 2384 2.22 0.81 0.61 0.47
Fig. 2.28 s-1gr curve R =930m
10" 10' 10 10° 10°
00 lgr (m)
1.0 4
2.0 A
3.0 4

s (m)
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It can be found that the results of graphing method and formula method are
close. So make R = 932 m.

2.5.3.2 Calculation of Hydraulic Conductivity K

1. Hydraulic conductivity K can be calculated by single well’s test data, as follows:

R
k=2 R
2nMs 1y
1570 932
K = 231 x 1385 Mo.152 0811 mvday
1954 932
2= o x B3I x1.635 Mo1s2  LSlm/day
2384 932
K, = 1 — 64.53m/d
27T 2 x231x222 10152 y
Ki+K +K
K= % — 68.15 m/day

2. Hydraulic conductivity K can be calculated by two more wells’ test data, as
follows:

~2.300 o 1 2300 o lgr; —Igr
2ntM T m, 27M S — 83

230 x 1570 1230 — g3
'S ax31 (052 031 185 miday
2.30 x 1954 1g30 —1g3
K, = — 1147 m/d
27 px231 1070-043 ay
2.30 x 2384 1g30 —1g3
K = — 1111
37T ax231 L 081-047 m/day

K =~ 115 m/day.

It can be found that the result obtained from data of single well is less than the
result got from two more wells. So using the data of more than one well is the best
choice in hydraulic conductivity calculation.
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2.6 Hydrogeological Parameters Calculation in Unsteady
Flow Pumping Test

2.6.1 Transmissibility, Storage Coelfficient, and Pressure
Transitivity Coefficient Calculation for Confined
Aquifer

Transmissibility 7 represents the ability of aquifer’s water conductivity. It is the
numeric equivalent of the product of hydraulic conductivity times aquifer’s
thickness (T = KM), which means it is the seepage flow under the condition of unit
hydraulic gradient, unit time, and unit width.

Storage coefficient u* (or elastic specific yield) represents the water storage
capacity of aquifer in pressurization or water yield capacity in pressure reduction. It
refers to water volume that is stored or released from unit area aquifer when
waterhead having a unit change. It is determined by the elastic property of water
and aquifer skeleton.

Pressure transitivity coefficient (a) represents the waterhead conduction velocity
of confined aquifer. It is defined as a = T/u".

T, 1*, and a can be calculated according to unsteady pumping test data. If the
thickness of aquifer has already been measured, the hydraulic conductivity K can
also been calculated.

In horizontal, homogeneous, isotropic, and infinite extending confined aquifer
without vertical recharge and thickness change, Theis formula can be written as:

Q (wet 0
t)=— ), —du=-—W 2.37
s(r0) = 2 e = W) (2.37)
p T L AT (2.38)
4Tt’ u rru

where s (7, t) is the drawdown of certain point within influence area, m; ¢ is the time
form the beginning of pumping, h; r is the distance between calculating point and
pumping well, m; W(u) is the well formula which can be found from W(u) table.
The meaning of other symbols are the same with above.

2.6.1.1 Calculation Method

T, u*, and a can be calculated by curve-matching method, linear graphic method,
and water table recovery method, as shown in Table 2.24. Data for these methods
are got from unsteady pumping test with constant water discharge.
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The biggest advantage of curve-matching method is that all test data can be used
to improve the calculation accuracy. This method also has disadvantages. That is
when the 7 is small and T is large, the steep part of observation curve appears in the
first 2 min, which is difficult to measure. While the part that is easy to measure is
too gentle to fit accurately. These all lead to low accuracy of parameters. The
solutions are: On the one hand, using the data from initial pumping stage as much
as possible. On the other hand, setting the observation wells far from pumping well
when T is large, so that the drawdown can be measured accurately.

There are many advantages of linear graphic method, for example all test data
can be used and the randomness of fitting curve method can be avoided. The
disadvantage of this method is that the pumping time needs to be long to meet the
requirement of # < 0.01, especially when T is small and r is large. Besides, the long
pumping time may leads to the deviation of intercept and gradient, which will result
in larger T and smaller p*.

The water table recovery method can avoid the interference from pumping
equipment and water discharge variation during pumping period. The drawdown
versus time curve of water table recovery period usually much more regular, which
can improve the accuracy of parameters calculation.

Apply as many methods as possible to calculate the parameters when using
unsteady pumping test data, and compare the results to choose the best one.

2.6.1.2 Case Study

The hydrogeological condition is the same as it in Sect. 2.5.3.
1. 1gs-lgt curve-matching method
Igs-lgt curve of Observation well 2 and Observation well 3 are shown in Fig. 2.34.

Fig. 2.34 lgs-lgr curves 10" 10' 10° 10° 10" ¢ (min)
10 i h . ;i
Ow 2
Cess it UITIEEER Ow 3
014 -° Ow 3
LY
Ow 2
0.01 4 Ow 2: Observation well 2
. Ow 3: Observation well 3
& :Match point

s (m)
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Results:
Observation well 2:

W(u) = 1, 1/u=10%, s = 0.061m, = 14.1 min;

) 2384 s
= LW =2« 1=3.11 x 10’ m?/day;
2 = 0061 ¢ X 107m”/day;
ATt 4x3.14% 10° x 14.1
* = = =3.05x 1074
HZ 020w T 208 % 107 x 1440 R
T 3.11x10°
g— Lo 30T 107 m? /day.

 3.05x 104
Observation well 3:

W) =1, 1/u=10?, s = 0.062m, r = 10 min;

2384

= ———— x 1 =3.06x 10’ m*/day;
dmx 0062 < 1 = 306 107m"/day;
4 % 3.06 x 10° x 10

f = =944 x 1074
302 x 102 x 1440 S
3.06 x 10°

= X394 % 10°m?/day.

4= Gazx 0 - 24X 10T/ day

2. Linear graphic method

s-lgt curve of Observation well 2 and Observation well 3 are shown in Fig. 2.35.
Results:

Observation well 2:

2300 2.30 x 2384

= 4nhs  4m x (0.50 — 0.36)

. 2057 2.25x3.12x 103 x 0.22
k=0 202 x 1440

T
a= —=12x 10°m?/day.

*

=3.12 x 10° m?/day;

=2.68x 1073

Fig. 2.35 s-lgt curves 10°

10° lgt (min)
0.0 !

0.2 1

0.4

S Observation well 3

0.6 Observatio'r;.\.a;gli 2

s (m)
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Observation well 3:

230 %2384
47 x (0.40 — 0.26)
225Tty  2.25 x 3.12 x 103 x 0.12 L
2 302 x 1440 *

T
a= o= 4.8 x 10° m*/day.

= 3.12 x 10° m*/day;

*

u

i

3. Water table recovery method

i+
s—lg2

Fig. 2.36.
Results:
Observation well 2:

curve of Observation well 2 and Observation well 3 are shown in

2300 230 x 2384

~ 4mAs  4m x (0.276 —0.14)
r 2 207 2oL 72
a= 0.44t— x 107 = 0.44 x 03 x 10056 = 1.08 x 10" m*~/day;

=3.21 x 10° m?/day;

p
T 321 %103
o = T =207 x 1074,
b= T 18 x 107 X
.

Fig. 2.36 s-Ig 54 curve 0_0010“ 1?' 10° 10" gt
|

0.08 -

0.16 |

0.24

0.32 A

0.40 -

s (m)
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Table 2.25 Summary sheet for aquifer parameters

Calculation method Data Aquifer parameters
K (m/day) | T (m*/day) a (m?/day) | p*
Steady Single well 68.15 1.6 x 10°
flow Multiple wells 115.0 2.7 x 10°
Unsteady | Fitting Observation 3.11 X 10° 1.02 x 107 |3.05 x 10*
flow curve well 2
method Observation 3.06 x 10> |324x 10° |9.44 x 10™
well 3
Linear Observation 3.12 X 10° 12%x10°  [2.68 %103
graphic well 2
method Observation 3.2%x 10 |48 x10° [65x 107
well 3
Water Observation 3.21 x 10° 1.08 x 107 [2.97 x 10*
table well 2
recovery | Opservation 3.31 x 10° 2.88 x 10° [ 1.15 x 1073
method well 3
Average 3.15%x 10> [552%x10° |1.0%10?
value
Range 3.06 X 10°~ |12 % 10°~ [297 X 10*~
3.31 x 10° 1.08 X 107 |2.68 X 1073

Observation well 3:

2.30 x 2384

" 4m x (0242 - 0.11)
30° s 6 2
a= 0.44 x 03 < 100 = 2.88 x 10° m”/day;

= 3.31 x 10° m?/day;

T 331x10°
a 2.88x 106

*

W= =1.15x 1073,

Table 2.25 is the summary for hydraulic parameters.

2.6.2 Transmissibility, Storage Coelfficient, Leakage
Coefficient, and Leakage Factor Calculation for Leaky
Agquifers

Leakage coefficient o (=K’/M’) and leakage factor B represent the leakage char-
acteristic of aquitard. Leakage recharge amount is related to hydraulic conductivity
K’ and thickness M’ of aquitard.

Leakage coefficient ¢ represents the recharging amount in a unit area from
aquitard to pumped aquifer under a unit waterhead difference.
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Leakage factor B = /TM'/K’, where T is the transmissibility of main aquifer,
K’ and M’ are the hydraulic conductivity and thickness of aquitard. The smaller the
K’ is and the bigger the M’ is, the larger the B is.

Hydraulic parameters of leaky aquifers can be calculated according to unsteady
pumping test data by Hantush-Jacob formula, as follows:

Q o] 7\)74'22 dy Q r
_ Lo ziw( ,7) 2.48
4nT "y 4nr " \""B ( )
21 1 4Tt
="t o -= (2.49)
4Tt u rru*

where T, p*, a, o and B can be calculated by curve-matching method, yielding point
method and tangent method, as shown in Table 2.26.

2.6.3 Specific Yield, Storage Coefficient, Hydraulic
Conductivity and Transmissibility Calculation
of Unconfined Aquifer

Specific yield u refers to the volume of gravitational water that drained from unit
area of unconfined aquifer when water table decreases a unit meter. Free saturation
rate, also called saturation deficit, refers to the volume of water that recharge to unit
area of unconfined aquifer when water table rise a unit meter. Usually, specific yield
and free saturation rate are numerically same.

2.6.3.1 Bolton Formulas

Early pumping stage:

(0] r
=— — 2.
5=+ W (uq, D) (2.58)
Middle pumping stage:
0 r
=—Ky(—= 2.59
$= g 00(p) (259)
Late pumping stage:
0 r
= — 2.60
S= gt V) (2.60)
r2’u* r2u
= =— 2.61
M T an (2.61)
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Parameters of unconfined aquifer can be calculated by curve-matching method
and linear graphic method according to Bolton Formula, shown in Table 2.27.
2.6.3.2 Newman Formula

Newman formula is:

s(ryt) = f4y]0 yp\2) [wo +Za}n ‘| (2.68)

where:

_ {1 —exp[-1B(* — 75)]}th(20)
(B + (1 +0)73 = (6> = 93)*/al}70

{1 — exp[—1,B(y* +72)]}th(y,)
{2 = (1+0)32 = [P +92)*/ol}7,

(2.69)

(2.70)

a)l‘l -

Parameters of unconfined aquifer can be calculated by curve-matching method
and linear graphic method according to Bolton Formula, shown in Table 2.28.

2.7 Other Methods for Hydrogeological Parameters
Calculation

2.7.1 Transmissibility and Well Loss Calculation

Typically, well loss is ignored when using pumping test data to calculated aquifer
parameters, which can lead to inaccuracy of those parameters.

This section will introduce a method that can consider the loss for transmissi-
bility and well loss constant calculation.

2.7.1.1 Basic Theory

In confined aquifer, the Jacob approximation formula for Theis formula is:

2.30Q . 2.25Tt
4nT r2u

5= (©<0.01) (2.82)
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It can be found from Eq. (2.82) that the value of drawdown is only related to the
properties of aquifer, which is not suitable for calculation. The drawdown of
pumping well mainly consists of two parts: The first part is the drawdown that
related to aquifers’ properties; the second part is that caused by turbulence flow
around pumping well, which also know as well loss. The later is hard to be esti-
mated and is various for different pumping wells. It can be approximately calculated
by following formulas:

s, = CQ? (2.83)

where s'w is the drawdown that caused by well loss, L; C is the well loss constant,
T?K 3, Q is the water discharge, LT,
So the total drawdown at pumping time ¢ is:

Sg = s—|—s,W
2300, 2.25Tt )
= —lg—— 2.84
4nT g r2u* +C0 ( )

= a(b+ 1gt)Q + CQ*

2.300.

_ 1 2:25T
where a =575 b =Ig

rut "
Change the water discharge for n times:

sg = a(b+ 1gt;) 0+ CO?
55/0 =A+CQ (2.85)
where A = a (b + 1gt)); s4; is the drawdown at time j, L; #;is the time,j = 1,2, ..., m.

Formula (2.85) is a linear equation, shown in Fig. 2.45.

Fig. 2.45 Q-5,/Q lines \

_
2

L
153

e e}

s:/Q (10°m/(m’/d))
> o

[\

=]

10 20 30 40 50 60
0 (m'/d)
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The intercepts that correspond to time ¢y, 5, ..., t,, are Ay, Ay, ..., A, SO:

An—A;j = a(b+1gt,) —a(b+ lgt;)

1o fm 2.301 tm
= a — e — —
g f anT ¢ 7

where j = 1, 2, ..., m.
So:

2.301g(tnm/t;
_ 230lg(tn/1) (2.86)

4n(An — Aj)

Well loss constant C and transmissibility T can be calculated by Egs. (2.85) and
(2.86), respectively. Storage coefficient y* can be calculated by Eq. (2.84), then
(2.87) can be got:

. 2.25Tt  4nT s
lgp” =lg=— +230<CQ—Qg) (2.87)

If r is replaced by r, the effective radius of well 7, is no less than the actual well
radius ry,, and the above formula can be rewritten as:

. 225Tt  4nT s

This formula is used to estimate the range of storage coefficient.

2.7.1.2 Application Steps
Case Study

The hydrogeological condition is the same as Sect. 2.5.3. The pumping test data are
shown in Tables 2.29 and 2.30.

Table 2.29 Drawdown s (m)  gjqy 0 (m*/day) Observation time # (min)
10 40 150
1570 1.24 1.30 1.35
2335 1.92 2.0 2.06
2540 2.10 2.21 2.28
2757 2.36 2.46 2.53
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Table 2.30 s,/Q (10~ m/m*/day)

Flow Q (m3/day) Observation time ¢ (min)
10 40 150
1570 0.79 0.83 0.85
2335 0.82 0.86 0.88
2540 0.83 0.87 0.90
2757 0.86 0.89 0.92
1.0
5 09 ii%é%‘ﬁ“
: i
& 0_8J u min
E
S 0.7
S 0.6
© 05
0 400 800 1200 1600 2000 2400 2800 Q (m'/d)
Fig. 2.46 s,/0-Q lines
1. Draw s/Q-Q lines, shown in Fig. 2.46.
2. Transmissibility calculation
2.31g(40/10
T, = 8(40/10) = 3.15 x 10* m* /day

47(0.735 — 0.70) x 103
_ 2.31g(150/10)
~ 47(0.77 — 0.70) x 1073

=3.08 x 10° m?/day

3. Well loss constant calculation

(079 -0.70) x 10 s
C= 00 =5.6x 10

2.7.2 Calculation of Transmissibility Coefficient and Water
Storage Coefficient by Sensitivity Analysis Method
Based on Pumping Test Data

2.7.2.1 Sensitivity Analysis

When simulating an aquifer system, researchers have to determine the admissible
deviation. If the admissible deviation does not affect the simulation results
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significantly, the parameters of the actual system can be different. The admissible
deviation is generally determined based on parameter variation induced into the
system and the variation of characteristics in the system. These admissible devia-
tions can be determined more effectively by using the sensitivity analysis.

In confined aquifer, according to Theis formula, there is

u

0 (xe”
=) —d
s 47ITI” u "

where
2,k

ru
u =
4Tt

So the solution of an aquifer model can be written as follows:
h=h(xy t; T, ", Q)

where h represents the water head.
Considering the change of one parameter, for example, T is seen as variable,
when T has an increment AT, it has

R =h"(x,y, t T+T, u*, Q)

It is assumed that the solutions of the aquifer model depend on parameter 7 and
w'. T, u*, and Q are all independent variables. So function h*(x, v, t; T+ AT, u*, Q)
can be expanded to Taylor series. If the value of AT is very little, the quadratic term
and high order terms can be neglected

B (x,y, t; T+AT, u*, Q) = h(x, y, t; T, u*, Q) + UrAT (2.89)

Oh(x,y,t; T, 1", Q)

UT(x7yat;T7:u*7Q) = aT

(2.90)

Transmissibility coefficient sensitivity Ur(x, y, #; T, u*, Q) will be represented
by UT-

If sensitivity Ut and the initial water head are known, the new water head caused
by variation AT of transmissibility coefficient can be calculated by Eq. (2.89).

Similarly, the new water head caused by variation Au* of water storage coef-
ficient u* can be calculated by the following equation:

h*(-x7y7 I8 T+A,u*a,u*7 Q) = h(xay7 L T7 ,u*a Q) + Uu‘Aﬂ* (291)
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Oh(x,y,t; T, u*, Q)
ou*

UM* (x,y, 5 T7 :u*aQ) = (292)

Sensitivity of water storage coefficient Uy (x,y,1; T, pi*, Q) (x, y, t; T, p*, Q) will
be represented by U,-.

Equations (2.90) and (2.92) indicate that to a given model, Uy and U~ need to
be calculated. The response of model under a variety of variation can be calculated
easily by (2.89) and (2.91) without re-calculation of model equations.

Sensitivity coefficient can be obtained from Theis formula by the definition of
Egs. (2.90) and (2.92):

Os s 10} ru
pe O _ s _ 2.93
TS T T exP( ATt (2.93)
U= o 0 o(-r (2.94)
W owr T 4nTw P\ % '

If " and T change, respectively, with the variation of Ay* and AT, Ur and U«
can be obtained from Egs. (2.93) and (2.94) can be used in Egs. (2.89) and (2.91) to
obtain the drawdown values. Data show that when Ay* and AT are no more than
20 % of pu* and T, respectively, Egs. (2.89) and (2.91) is valid.

2.7.2.2 Least-Squares Fitting

The purpose of the sensitivity analysis is to obtain the least-squares fitting of actual
pumping test data to Theis formula and then to obtain the best value of y* and T.

T and p* are changed by AT and Ap*. The new drawdown value s  can be
calculated by the following equation:

§* =5+ UrAT + Uy-Ap* (2.93)

The actual drawdown measured at time ¢ is represented by s.(¢). It is assumed
that appropriate estimate can be made for y* and 7, then s(¢) is the drawdown
obtained from Theis formula by these parameters. The preliminary estimate value of
* and T can be changed by Ap* and AT. The new drawdown value s is calculated
by Eq. (2.95). The errors dropped to minimum with the aid of the following error
function, and the better fitting results compared with actual pumping test data will
be obtained.
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n

E(AT,Au*) = Z [sc(t;) — 5" (1))

i=1
= Z se(t;) = s(1;) — Ur(t;)AT — Uy () Ap*]?

_ Z (1) _ 2ATZ Un()lser) — s()] 209

—ZAuZU (1) [se(r;) — s(t) +Z

i=1

+ 2Ur(t;) Uy (1) Ap* AT + U%(t,»)ATZ]

t; represents any moment, when a test value of drawdown can be obtained. The error
function is determined by the square sum of difference between measured values s,
and s". Sensitivity coefficient Uy and U+ are based on #;.

The first-order derivative of AT and Au* are selected, and are equal to zero.
Then the errors are minimum values. The equations of AT and Au* are as follows:

% =-2 Z Ur(ti)[sc(t;) — s(t;)] + 2Au" Z Uy (1) Ur(t;)
" - (2.97)
+2AT Y Ui (t) =0
i=1
a(§+’u?ﬂ) ZZ Uu* tl Sc(tz) - S‘(tl) +2A‘u Z U tl
3 " (2.98)

=+ 2ATZ UH* (Z‘i)UT(ti) =0

i—1
AT can be obtained by Eq. (2.97):

AT = {zn:{UT(li)[Sc(ti) - S(li)]}—{zn: (U, (1:)Ur(1;)] } } Z UA(1)

i=1 i=1
(2.99)
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Ap* can be obtained by Eq. (2.98):
Apt = {Z[UZ (t; ]Z{U 1) [se(t:) — s(8:)]} — {i[Uw(t,«)UT(ti)]}
{Z{UT 1)[se(t;) — ()] } {z:[U2 ) Z[U )] {z’:[ w(t,-)UT(t,-)]} }

(2.100)

The best value (namely the best fitting results) of Ay* can be obtained from
Eq. (2.100). By substitution of A" into Eq. (2.99), the best fitting value of AT can
be found.

The values of AT and Au* can be used to correct the first estimated values of
T and u*. The improved values of T'and p* are used in the program of least-squares
fitting in order to obtain the new values of AT and Au*. This cycle continues until
AT and Ap* are little enough to be negligible. The best values after iteration of
Jj times can be obtained by the following equations:

Ty = Tjo1 + ATy (2.101)
W=+ A (2.102)

The program block diagram of the calculation of hydrogeological parameters of
the aquifer by sensitivity analysis is shown in Fig. 2.47.

If the initial values of T and u* are particularly poor, the program may not be
convergent. Available data indicate that good convergence can be obtained even for
the case that the initial values of u* and T are less or greater for two orders of
magnitude.

From the above, the best transmissibility coefficient and water storage coefficient
are obtained from least-squares fitting by using sensitivity analysis in order to fit
Theis formula by actual pumping test data automatically. That method can be
applied in more complicated hydrogeological conditions.

2.7.3 Hydrogeological Parameter Optimization Based
on Numerical Method and Optimization Method
Coupling Model

The key question of reversing hydrogeologic parameters by numerical method is to
obtain a set of parameters which can objectively represent the hydrogeological
characteristics of the actual aquifer. The test standard is the error between water
table (head) of every node calculated by mathematical model and the actually
measured water table (head).
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Input r, Q, #(n), s(n) and control variable er, &y

When j =1, calculate u(ti),W(u(t[)),s/(t[) = -;QT W(u(t;))

When j # 1, calculate s;(¢;) =5 (zfl-)-¢-UT(t,-)j_lAY}_1+U“*(tl-)j,lA,u*j_l

J

Calculate the sensitive coefficient Ur(;); and U (1)),

v

i=itl | €&——

Calculate E()=X1, [sC (t,-)—sj(t,-)]2

¥

Calculate Au;, AT;

y

End

1.Output j, T, 4", E

2. Output the hole number
no,er, e, T, 10"

3. Output s(i),s.({) and
s(0)-5,())(i=1,2,...n)

Input j, T, 1", E
¥
Jj=Jjtl
\’

T}' = 7}-1+A7}-l, ﬂ;: ﬂ;_1+Aﬂ;_1

Fig. 2.47 The program block diagram of the calculation of hydrogeological parameters of the
aquifer by sensitivity analysis
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When using the error standard of the least square method, the identification of
parameters can be formulated as the optimization problem as follows:
Objective function:

2
minE(k}, &5, kD) = 3> oy [Hj(ti) — H(1;) (2.103)
i=1 j=1
Constraints:
o <k<p, (i=12,...n) (2.104)
where E is the objective function; k7, k3, ..., k; are a group of optimal parameters;

J is the total number of observation periods; N is the total number of observation
points; H(t;) is the calculated water table of node j at #;; H}’(ti) is the measured water
table of node j at #;; w;; is the weight factor. The higher the precision is, the greater
wj; 18; k; is the ith parameter of any group; o; is the lower limit of the ith parameter;
f; is the higher limit of the ith parameter.

There are many methods of solving the optimization problems. The workload of
the commonly used trial method is huge because it lacks a convergence criteria in
every repeated trial calculation. The parameter in this process is blind and waste of
time especially when there are a large number of unknown parameters.
Hydrogeological parameter optimization based on optimization method can over-
come the shortcomings of the trial method. There are many optimization methods
and one of the direct unconstrained optimization methods—the stepped up simplex
method will be introduced here.

2.7.3.1 The Basic Principle of the Advanced Simplex Method

The basic the principle of the advanced simplex method is: calculate the objective
function value E, respectively at n + 1 simplex vertexes in E" and compare them to
determine the worst point, the second worst point and good points. Judge the
approximate trend of function variation from the size relationship of the points.
Choose reflection, extension, compression and so on to structure new simplex under
different circumstances until the function value of simplex vertexes reach to the
required minimum value. Then that set of parameter values are the optimal
parameter values. The simplex in E” means a polyhedron with n + 1 vertexes. If the
edge-length equals to each other, the simplex is called the regular simplex. The
following point is given in n—dimension space:

T
KO = (KO.KY....KY)
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where K° is a vertex of a regular simplex with the edge-length of o. Set

p= Ma (2.105)
nv2
q= @cx (2.106)
nv2
The rest n vertexes:
K' = (KK, .. KT (i=1,2,...,n) (2.107)
Construct as follows:
K= (K +q) G#1) (2.108)
K/ = (K’ +p) (2.109)
Namely:
K'=(K'+p,Kd4q,...K'+¢)"
K> = (K'+q,K)+q,.. ., K +q)" (2.110)
K" = (K +q,K)+q,....K* +p)T
then, K(l), Kg yeees KS constitute a regular simplex with the edge-length of o.

2.7.3.2 TIterative Steps of the Advanced Simplex Method

1. The initial simplex is constructed with the given initial point K°. The vertexes are
assumed as K',K?,...,K". The permissible error ¢ > 0, then calculate:

E=f(K*), (i=1,2,...,n).
Set:
E =f(K') = min{f(K°),f(K"),....f(K")} (2.111)
Ey = f(K") = min{f (K°),f(K"), .. .f(K")} (2.112)

where K and K" are called the best and worst points of the simplex.
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If the worst point K" is removed, the rest n  vertexes

K% K', ... K'1' K"+l . K" constitute the simplex of (n — 1)-dimension space.
Its center is:

K’ :l<ZKf—Kh> (2.113)
n -
j=0

2. Reflection: K" is reflected to K" in the center of K.
K" =K' +a(K' — K" (2.114)

Among which a > 0 is reflection coefficient and o = 1 generally.
Because K" is the worst point and through reflection there will be:

E.<E, (2.115)

then point K" better than K" can be obtained, just like shown in Fig. 2.48.
3. Extension: after reflection not only does Eq. (2.115) hold, but there is a further
step:

E.<E (2.116)
which indicates that K is better than K. Thus, the reflection direction is an effective
direction of reducing the function value. So the simplex is being extended in this
direction. Set:

E‘=K'+ (K" —K)
Among which y > 1 is extension coefficient and generally y = 2. If:

E.<E, (2.117)

Kh

Fig. 2.48 Schematic diagram of iterative steps of the advanced simplex method
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then K" is replaced by K* and the rest n vertexes are unchanged. A new simplex is
constructed just like shown in Fig. 2.48(1). Turn to step 6.

If Eq. (2.111) holds and Eq. (2.117) does not, K" is replaced by K" to construct a
new simplex, just like shown in Fig. 2.28(2). Turn to step 6.
4. Compression: if Eq. (2.116) does not hold, namely the reflection point K" is not
better than the best point K’ of the original simplex, there are two circumstances:

(1) When j # h, set E, < E;, which means the reflection point K" is not worse
than all the rest vertexes except the worst point K. Then K" is still replaced by K" to
construct a new simplex. Turn to step 6.

(2) If for every K", there is:

E, > E;

then the reflection produces a new bad point. The simplex is being compressed in
this direction. There are two cases as shown in Fig. 2.48(3).
In the first case, if

E > E, (2.118)

namely the reflection point is worse than the worst point of the original simplex, K"
is abandoned. Compress vector K" — K:

K =K'+ p(K" — K)

among which 0 < f < 1 is compression coefficient and generally £ = 0.5.
In the second case, if Eq. (2.118) does not hold, compress vector K'—K’;

K =K'+ B(K" — K)

Discrimination of whether the compression point K° is worse than the worst
point of the original simplex K" is necessary, namely whether the following
equation holds

E. > E

If it holds, the compression point K¢ is abandoned and turn to step 5. If not, K" is
replaced by K to construct a new simplex and turn to step 6.
5. Decreasing the edge-length: the best point K' of the origin simplex remains
unchanged and the rest vertexes are compressed to K’ for a half distance, namely:

K'=—(K'+K'), i=0,1,2,....n

N =
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A new simplex is obtained and the edge-length is half of the edge-length of the
origin simplex. Turn to step 6.
6. Discrimination

[ o 12
{n—i—lZ(Ei_El)z} e

i=0

whether or not the inequality holds. If it holds, then stop calculation and K f= K. If
not, return to step 1.

2.7.3.3 Application

When fitting the optimal parameters by the advanced simplex method and the finite
element program, the advanced simplex method is the main program. After
determining the optimizing direction and a set of parameters, the subroutine needs
to be called, as Fig. 2.49 shows. Whether the parameters optimized by the iterative
steps of the advanced simplex method coincidence the required upper and lower
limit range. If they coincide, finite element subroutine is called to calculate the
water table of the nodes and the function value E. Return to the main program after
consummation. Compare the size of the function value of every vertex of the
simplex to determine the next lookup direction until the optimal vertex is found,
namely the optimal parameters.

Give a set of parameter: K, K»,-, K,,
. No .
0; < K; < B. (1,2, n) —_—> Stop and adjust the parameters

\

Calculate the water level of nodes by

calling finite element subroutine

\%

Calculate: E= '/1:=1 M w; [f]i(t,-)+[{_?(t,~)]2

Fig. 2.49 Subdiagram of parameter adjusting
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When the aquifer parameters of the calculation area are divided into several
zones, the parameters of each zone can be called, respectively. In the end, the
parameters of the whole zone will be called comprehensively.

2.8 Case Study

1. Object: multiple-hole unsteady and steady pumping tests are conducted in situ to
know about the site requirement, and to figure out the experimental method and
information collection of steady and unsteady flow pumping tests, additionally to
calculate the hydrogeological parameters by various theories.

2. The plane arrangement of dewatering wells is present as below.

Observation Observation Observation
well 1 well 2 well 3
©,
3m
20m
30m

3. The requirement of pumping test site

Once the pumping test starts, any tester should keep on duty without any
absence. The water table and water discharge should be measured and recorded
timely.

Each team should take turns 15 min earlier to leave enough time for preparation.
During the time for overlap, two teams should measure the water table together at
the same location. Adjustment for the measuring tape also should be taken.

Before pumping, natural static water table should be measured (the accuracy is
best for mm).

Starting pumping, the duration for measuring should be 1', 2', 3', 4, 6, 8’ 10,
15', 20', 25', 30’ 40', 50", 60', 90', 120'...(afterward measure once in each 30');
measuring: water table and water discharge in main well, water table in observation
wells. (means min)

After pumping is stopped, the water table should be measured during recovery
duration as: 20", 40", 1', 2", 3", 4', 6/, 8', 10', 15/, 207, 25', 30', 40’, 50’, 60', 90', 120’
...(afterward duration is the same with above), measuring: the water table of main
well and observation wells.

Each team collects and analyzes the data, including:

(1) Main well: Q- curve, s-t curve; Observation wells: s-f curve;
(2) All wells: s-lgt curve;
(3) All wells: 1gs-lgt curve;
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In case of emergency occurrence, timely report should be informed to instruction
teacher. The pump should be stopped if necessary. Or the power is cut down by
accident; the water table in recovery duration should be measured right away.

The recorded data could not be changed if not necessary.

4. Make the report the experimental summary, including:

(1) objects and requirement of pumping tests;

(2) pumping method and procedure;

(3) the main results of pumping tests;

(4) treatment of abnormal circumstance during experiments and quality assess-
ment and conclusions.

5. Draw the comprehensive resultant curves by pumping tests.

6. Use steady and unsteady flow method (fitting curve method, linear graphic
method, water table recovery method) to calculate the hydrogeological param-
eters of aquifer.

7. Attach resultant table of pumping tests.

Summary of aquifer parameter results

Calculation method Data Aquifer parameter
K (m/day) | T (m*day) |a u
(m2/day)
Steady Single well
flow Multiple wells
Unsteady Fitting curve Observation
flow method well 2
Observation
well 3
Linear Observation
graphic well 2
method Observation
well 3
Water table Observation
recovery well 2
method Observation
well 3
Average
Range
Recommendation value
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2.9 Exercises

PN

10.
11.

What parameters reflect the hydrological properties of aquifer?

. What is the main task of pumping test?

What is the steady flow pumping test? And how about unsteady flow pumping
test?

What is the difference between fully penetrated well pumping test and partial
penetrated well pumping test?

How to collect and analyze the data of pumping test?

What is the object of water pressure test? How to collect and analyze the data?
How to measure the groundwater table, flow direction and flow velocity?
According to steady pumping test, what parameters can be obtained? What
methods can be used to calculate hydraulic conductivity?

How to calculate the influence radius by steady pumping test?

According to unsteady pumping test, what parameters can be obtained?

How to estimate the coefficient of transmissibility and well loss constant from
multi-water discharge test?



Chapter 3
Groundwater Engineering Problem
and Prevention

During the survey, design and construction of underground engineering, ground-
water is always the very crucial issue. It directly affects the properties and behaviors
of rock and soils as a part of component of them, as well as some kind of under-
ground construction environment, it also has great influence on the stability and
durability of engineering projects. In design, full account must be taken on the
various roles of geotechnical and underground engineering. All kinds of potential
environmental geological problems which may rise due to groundwater during
construction should be also paid much attention to take some appropriate preventive
measures.

3.1 Adverse Actions of Groundwater

3.1.1 Suffosion

Suffosion is a kind of undermining phenomenon through removal of sediment by
mechanical and corrosional action of groundwater flow. Usually, it is described the
process of removal and transport of small soil particles through pores resulted in
underlying caves or voids.

3.1.2 Pore-Water Pressure

In saturated soils, any small tiny variation of stress will change the pore pressure
conditions. It always influences the strength, deformation of soils and stability of
engineering projects, such as slope stability problem, deep foundation pit excava-
tion in high-rise building projects, etc.
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3.1.3 Seepage Flow

When water flows horizontally through an aquifer, the flow undergoes a reduction
of pressure head because of friction. Thus the pressure on the upstream side of a
small element is larger than on the downstream side. The water then exerts a net
force on the aquifer element. The net force in the flow direction is the seepage force.

If there is an upward vertical flow, the head loss due to friction as the water flows
into the pores results in an increase in the hydrostatic pressure. This in turn results
in a decrease of the intergranular pressure. A point can be reached when the upward
seepage force is large enough to carry the weight of the sand grains so that the sand
or silt behaves like a liquid. It has no strength to support any weight on it. This
condition is known as quicksand.

3.1.4 Uplift Effect of Groundwater

Groundwater has hydrostatic water pressure on the rock or soil mass below water
level, which is resulted in buoyancy. From Archimedes’ principle, the upward
buoyant force exerted on a body immersed in a fluid is equal to the weight of the
fluid the body displaces, i.e., when the water in soil pore spaces or fractures and
voids in rock has hydraulic connection with groundwater, the buoyant force is
buoyancy of rock mass or soil particle volume, which is the weight of displaced
fluid.

3.2 Suffosion

3.2.1 Types of Suffosion

3.2.1.1 Mechanical Suffosion

Under the action of seepage force, particles of soil or rock mass are removed away
from pore voids or caves by groundwater.

3.2.1.2 Chemical Suffosion

Groundwater dissolves the soluble substances in soil, breaks the cementing and
weakens binding force among soil particles and thus makes soil structure loose.
Generally, mechanical and chemical suffosion occur simultaneously. The chemical
action takes away the soluble materials through groundwater flow leaching, which
provides the circulation condition for mechanical suffosion. Suffosion actions
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reduce the strength of foundation soils and even form underground caves, thus
results in surface subsidence and adversely affect the stability of buildings.
Suffosion is greatly linked to karst terrain development and loess area and is
accompanied by widespread collapse.

3.2.2 Conditions of Suffosion

It is involved in two aspects, i.e., first soil composition and second the sufficient
hydrodynamic conditions. The specific details are depicted as follows:

(1) When the coefficient of uniformity (C, = Z—Tg, deo, djo are the particle-size
diameters corresponding to 60 and 10 %, respectively) is large, resulting in
high potential in suffosion, and specifically as dgy/d; > 10.

(2) Soils with interface layers: when the permeability ratio K;/K, > 2, suffosion is
greatly conducive to occur in the interface.

(3) The hydraulic gradient. When it approaches to 5 (I > 5), the groundwater flow
in turbulent condition facilitates suffosion. As a matter of fact, so large
hydraulic gradient would rarely happen, hence a critical hydraulic gradient I,
is proposed out based on engineering practice:

I =(Gs—1)(1 —n)+0.5n (3.1)

where G is the specific gravity, N/m?; n is the porosity, expressed as a decimal.

3.2.3 Prevention of Suffosion

The measurements are mainly focused on following points:

(1) Reinforce the soils (e.g., grouting);
(2) Artificially lower the groundwater hydraulic gradient level,
(3) Set the filter layer.

Filter layer is a protecting measurement to prevent suffosion. It can be placed in
the seepage exposure, especially directly at the exit point of the seepage. It is
always composed of ranges of sizes of non-cohesive particles. Usually, these layers
are arranged perpendicularly to the seepage lines and in sequence of increasing
particle size (Fig. 3.1). It is extremely important to choose appropriate particle sizes
when designing the filter to protect soils in place. Even when soils under really high
hydraulic gradient (I = 20 or larger) can be protected well if the filter works
effectively. Generally, the filter is designed into three layers, sometimes two layers
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® 0.25m
® 0.15m $%%%85°5% d=1~5mm
® 0.15m ST d=0.25~1.0mm

Fig. 3.1 Filter structure

as well, with thickness of 15-20 cm in each. How to control the specific thickness
of each layer mainly depends on the construction conditions and the particle size
used in this layer. If the filter layer could not be placed evenly or the quality could
not meet the requirement, the thickness should enlarge to ensure that filter failure
would not happen.

3.3 Piping and Prevention

3.3.1 Piping

The term “piping” is usually applied to a process that starts at the exit point of
seepage and in which a continuous passage or pipe is developed in the soil by
backward erosion, and enlarged by piping erosion. When soils around or beneath
the foundation pit are loose sandy layers, if the seepage forces exerted on foun-
dation soil are large enough and the pore spaces are large enough, water that
percolates through earth dams or foundations can carry away fine soil particles. At
the same time the pore spaces are also enlarged and a passage or pipe along seepage
path is gradually developed through foundations or earth dams. Thus the foundation
soils or earth dam soils are emptied continuously finally resulting in instability or
failure. This phenomenon is namely piping. The specific process is shown in
Fig. 3.2.

Fig. 3.2 Piping failure schematic under different conditions: a Slope soils; b Foundation soils;
Note 1 packing particle during piping; 2 groudwater level; 3 piping passage; 4 seepage direction
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Scholars all over the world have studied piping extensively. Numbers of com-
putation methodologies are figured out. A simple and practical assessment method
is introduced here.

When the conditions shown as Eq. (3.2) can be met, the foundation pit is stable.
The possibility of piping occurrence will be rarely small.

I<I, (3.2)
where [ is the hydraulic gradient in situ, it can be calculated by:

hy,

1. is the critical hydraulic gradient, in can be calculate by:

G —1

I. =
C 1+€’

(3.4)

hy, is the hydraulic head difference between outside and inside of retaining wall, m;
[ is the shortest length of flow line, m; G; is the specific gravity, N/m3; e is void
ratio.

3.3.2 Conditions of Piping

Piping generally happens in sandy soils. It is characterized by poor uniformity
(gap-graded soil), i.e., some particle sizes are missing and pore void is large and
well connected. It is mostly composed of low specific gravity minerals, which can
be easily washed away by water percolating. In addition, good seepage exit path is
also another sufficient condition for piping failure. All the above can be expressed
specifically as following:

(1) The ratio of coarse and fine particles is larger than 10: D/d > 10;

(2) The coefficient of uniformity of the soil is larger than 10: C, = dgo/d;0;

(3) The permeability ratio of two interface layers is greater than 2-3: K;/K, > 2-3;
(4) The hydraulic gradient of seepage is greater than critical hydraulic gradient.

3.3.3 Prevention of Piping

(1) Increasing the embedded depth of retaining structure. As shown in Fig. 3.3,
the length of flow lines can be extended and resultantly the hydraulic gradient
is reduced. This is favorable to prevent piping.
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Fig. 3.3 Piping in foundation pit

(2) Artificially lowering the groundwater level and changing the groundwater
seepage direction. When the foundation soils are sandy layers, and the seepage
force is upward, the foundation pit underside will heave if the hydraulic
gradient is greater than the critical hydraulic gradient in this condition.

To prevent this piping phenomenon (shown in Fig. 3.3), the embedded depth
should be increased or artificially dewatering to lower the groundwater level before

any construction.

3.3.4 Case Study

In this project, the bottom of this foundation pit is 6.5 m below the ground level,
with 12 m in width and 1:1.25 slopes at both sidewalls. The foundation soils are
clay layers with interbedded sand layers (Fig. 3.4). Grade 2 light wellpoint of

Clay layer

Artesian aquifer

Aquitard

AR R AR

Artesian aquifer

Aquitard

[N T A O R 5 R L B el

Artesian aquifer

Aquitard

P A S R LI U O P L

Fig. 3.4 Schematic of piping caused by foundation pit construction

Artesian aquifer
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dewatering is used here. When the foundation pit was dig excavated into the
designate depth, the bottom heave gradually occurred. Firstly 20 cm in the center of
bottom happened after 24 h. It reached up to 30 cm after another night. After
3 days, the accumulated heave is high as 1.5 m. At the beginning of heave in the pit
bottom, no piping phenomenon was investigated. It happened until the heave
reached a large amount finally. During the heaving, the slope and top corre-
spondingly sunk and slid toward foundation pit.

Analysis of the reasons: the designated depth of wellpoint system was not deep
enough. The water pressure in the artesian aquifer layers beneath the foundation pit
was larger than self-weight of overlying layers. The clay layer in the pit bottom was
uplifted and cracked, then piping happened.

Measurements: The dewatering system should be embedded into nth artesian
aquifer layer, in which the water pressure in this artesian aquifer layer should be
smaller than the total self-weight of overlying layers, i.e., P, < Z;’:l H; - v;, where
H; is the soil thickness of nth layer; y; is the bulk weight of nth layer.

3.4 Quicksand and Prevention

3.4.1 Quicksand

Quicksand is saturated loose sand or silty sand (including sandy silt and clayey silts
as well) in the case of upward flowing water, seepage force opposes the force of
gravity and suspends the soil particles. This creates liquefied soil that forms sus-
pension and lose strength. Quicksand usually happens in uniformly graded fine or
silty sands; it sometimes occurs in silts as well. The saturated sediment may appear
quite solid until a sudden change in pressure or shock initiates liquefaction. All the
fine particles are washed away suddenly by percolating water. Resultantly, sliding
or differential subsidence occur in foundation, even worse to collapse or suspen-
sion. As shown in Fig. 3.5, quicksand happens in unexpected sudden. It is really
harmful to engineering practice.

(@ (b) 5

Fig. 3.5 Quicksand failure. a Slope soils; b Foundation soils, Note I original slope; 2 the slope
surface after quicksand occurrence; 3 quicksand packing particles; 4 groundwater level; 5 original
position of structure; 6 the position after quicksand occurrence; 7 sliding surface; 8 quicksand area
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3.4.2 Causes of Quicksand

(1) Large hydraulic gradient and high flow velocity make the fine particles
suspense;

(2) Quicksand usually is a colloid hydrogel consisting of fine granular materials
(such as sand or silt), clay and water. When saturated soil particles absorb
water and swell and the density is reduced a lot. Thus it can be suspended
easily by water percolating.

(3) Sand structure is destroyed by sudden vibration. In this case the vibrated force
immediately increases the pore pressure of groundwater. The saturated sand
loses strength and suspends away with water flow.

In practice, when a pit excavation is conducted below the groundwater level,
sands with groundwater spring out frequently. This phenomenon is namely boiling
sand (Fig. 3.6a). Sands spring out more serious when excavation is advancing.
Quicksand brings great difficulties to construction, and also destroys the foundation
strength; threaten the safety of surrounding existed buildings. This phenomenon can
be explained in this simple model test. In Fig. 3.6, first open valve A to make an
upward water stream in sand. When the upward hydraulic gradient was greater than
1,1i.e., I = h/l = 1, the sand lose the stability. The gravel on the sand surface sunk
(the sand lost the strength). Then close the valve, the sand would gain its strength
again.

(a) (b)

— — FL\ —

RE1 I T
ERPNIE + 11
| K.,\ b % “

Fig. 3.6 Quicksand modeling tests
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3.4.3 Conditions of Quicksand

(1) Large hydraulic gradient. The seepage force exceeds the particle gravity and
makes the fine suspension;

(2) The sand has large porosity. The larger, the easier to form quicksand;

(3) The sand has poor permeability. The poorer, more favorable to quicksand;

(4) Composed of more platy minerals, such as mica, chlorite, the sand is more
potential to quicksand.

The influence factors and distribution of quicksand in Shanghai area is prelim-
inarily figured out based on borehole data and geotechnical soil tests. These factors
are shown as follows:

(1) The main induced external factor depends on the groundwater hydraulic head
difference. With the excavation depth is increasing, the hydraulic head dif-
ference gets larger, quicksand is much easier to happen;

(2) The particle composition. In this case, the clay percentage is smaller than
10 %, while silt and sand total content is over 75 %;

(3) The coefficient of uniformity is smaller than 5. From quicksand properties data
of in situ engineering projects, mostly the coefficient of uniformity is in the
range of 1.6-3.2;

(4) The water content is greater than 30 %;

(5) The porosity is larger than 43 % (or void ratio is larger than 0.75);

(6) When sand soils interbedded into clay layers, the thickness of sandy soil or
clayey silt should not be over 25 cm;

There are also some similar assessment standards in practical area outside China:
natural porosity is greater than 43—45 % (void ratio larger than 0.75-0.80), effective
particle size is smaller than 0.1 mm (d;y < 0.1 mm), and the coefficient of uni-
formity is smaller than 5 (C, < 5), the soils have these characteristics are easier to
happen quicksand.

In Shanghai area, when the water level is around 0.7 m below the ground
surface, and the excavation depth is greater than 3 m, meantime the soil has
properties described above; quicksand has great potential to happen. When the
excavation depth is smaller than 4 m, usually sheet piles are used to excavation.
When the excavation depth is over 4 m, dewatering of wellpoint system should be
used.

3.4.4 Determination of Quicksand

The phenomenon of quicksand encountered in constructions:
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(1) Slight—there is minor gap between sheet piles. Some sands move into the
foundation pit through the gap by percolating water and make the pit much
muddier;

(2) Moderate—close to the foundation pit bottom, especially nearby the sheet
piles, usually there are packing fine sand particles slowly spring out.
Investigated closely, it can be founded that a lot of small seepage exits in the
packing sands and the water bubbles up with fine particles.

(3) Severe—if the above phenomenon happened during excavation and no mea-
surements were taken to control and still kept excavating. In this case, the
quicksand velocity would increase fast and finally formed boiling sands. At
this time the sands at the pit bottom would liquefy and flow.

In Shanghai area, there are a lot of quicksand cases, such as before the People’s
Republic of China established, on Fujian Seven Road of Shanghai, there was a
quicksand during the ditch construction. The liquefaction at the pit bottom was
really serious and workers used barrels as tool to move sands and water. Another
example is the pumping station construction in Shanghai Yejiazhai Road. At that
time the excavation depth was very large but the embedded depth of sheet piles was
not deep enough. Server quicksand happened at the lower part of the ditch. Soils at
the bottom totally liquefied. All these stopped the progress of construction and
made the ditch tube could not reach the designated depth and changed it as 60 cm
higher. From Fig. 3.7, it is shown the quicksand circumstance during the narrow
and long ditch construction. This phenomenon was also influenced by hydraulic
head difference, while under the upward flow effect, closer to the edge of the sheet
pile walls, more serious quicksand happened. Meantime, in practical construction
land subsidence nearby sheet pile area always occurred. The ditch width was very
small; the water in the surrounding soils of the ditch area flew to the ditch and
concentrated at the pit bottom. Thus closer to the sheet pile walls, the flow velocity
was faster. The water flux per length along the ditch can be evaluated by Eq. (3.5):

g = bKI, (3.5)
Fig. 3.7 Quicksand around 2b Sheet-pile
the sheet pile during Ground surface ditch walls

excavation
Groundwater table. [ L _ VY

Aquifer

Aquitard



3.4 Quicksand and Prevention 123

Table 3.1 The reduction factor

d/D 0.1 02 |03 |04 |05 |06 |07 |08 |09 1.0

Reduction factor for 5 10 15 20 25 30 40 50 65 100
q (%)

where g is the water flux, m2/s; b is half of the ditch width, m; K is the hydraulic
conductivity of surrounding soil, m/s; [ is the hydraulic gradient.

The above Eq. (3.5) can only be used when the embedded depth of the sheet pile
wall d is really small corresponding to the aquifer thickness D. If the embedded
depth is very deep, the results should multiply to a reduction factor. As for the
reduction factor value, it is shown in Table 3.1.

When calculating the embedded depth of sheet piles, besides the critical value
obtained from Eq. (3.4), flow net methodology is still needed for calculation. And
in practice, safety factor should be considered to be greater than 1, since in soils
with good permeability the fine particles can be easily moved. In clay and silty clay,
the seepage discharge is really small or even could not occur. Quicksand can hardly
happen in these conditions. And in gravel, good permeability and large discharge
amount, the seepage path is very long. Thus quicksand rarely happens as well.
Hereby quicksand mostly happens in fine or silty sands with poor permeability. The
fine sands or silts can easily lose strength with high seepage force exerted on; and
moved by percolating water to ditch pit. Therefore, when excavation in this kind of
soil, effective measurements should be taken during construction to avoid quick-
sand happening.

Example:
A ditch was constructed by sheet piles (Fig. 3.7). The specific gravity of the aquifer
sand G is 2.8; the void ratio is 0.8; and y,, = 1 g/cm3, h =21 m. There are 14 flow
paths in the flow net (n = 14). The length can be selected as 1 along the ditch. Is
this project reach quick condition?
Solution:
From Eq. 3.4), I = ¢ = #51 =1,

=2 _15>1,

: _h
From drawing flow net, I = LT I

Hence, quicksand will happen in natural condition.

3.4.5 Quicksand in Foundation Pit

Figure 3.8 presents the schematic of quicksand calculation. Due to the water level
difference /' existed in the ditch around the foundation pit, a seepage flow runs
down through the soils outside the sheet piles, and when it flows over the end of the
sheet piles, the water advances up reaching the bottom of the pit, which is collected
into the well by the ditch. Finally, all the water is pumped away. Hence, the soils
beneath the pit are saturated by water and the effective unit weight 7’ should be used
in calculation. When the value of unit seepage force or hydrodynamic pressure Gp
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Fig. 3.8 The seepage during
the construction of foundation
pit
2
— ] |
Gy

is equal to or even over the effective gravity 7/, the soil particle is under a state of
quicksand and is able to move free with water flow. To avoid this adverse phe-
nomenon, the requirement as below should be met.

V/ quGD (36)

where K is the safety factor, it depends on the retaining structure and soil prop-
erties; generally, K, = 1.5-2.0.

According to the relevant experiment results, quicksand initially occurred within
the distance of #/2 (¢ is the embedded depth of sheet pile wall) to the sheet pile wall.
And the location closest to the sheet piles has the shortest seepage path and the
largest seepage force can be calculated as below.

h/

GDZI'szm'

Tw

In conjunction with Eq. (3.6), the above condition can be changed into
q 7}’/ .1
V2 Ksim Ve

After some transposition operation, the specific requirement for the embedded
depth of sheet pile wall is calculated as Eq. (3.7).

Kshlv - V/hl
> v 1
t> 27 (3.7)
If the soil layers above the bottom surface of the foundation pit are coarse gravel,
loose fill soil or fractured soil, the head loss in the soil layer outside the foundation
pit can be neglected, so Eq. (3.7) can be simplified as
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Kh'y,,
29/

or

2yt
< .
Ty ()
where '/t is the hydraulic gradient in the soil outside the sheet pile wall. The
increase of 4/t will result smaller K. When Kj less than 1, quicksand will happen.
The value of 7'/t as K, = 1 is called limited hydraulic gradient. In the designation of
embedded depth of sheet pile wall, the value of K should be chosen as 1.2-1.5.

3.4.6 Quicksand in the Caisson

During the construction of caisson in sands, if drainage sinking is used and the
dewatering depth is not large enough or the dewatering is not effective, quicksand
will easily happen in the sands beneath the caisson cutting edge under hydrody-
namic pressure, shown as Fig. 3.9. Some ground subsidence and horizontal dis-
placement maybe concomitantly occur.

During the undrained sinking of the open caisson in sands, if the water level
inside the caisson is much lower than the outside, large hydrodynamic pressure is
generated and results in quicksand in the bottom of the caisson. And surrounding
soil movement will occur as well.

(a)

I

Fig. 3.9 The soil movement induced by quicksand in open caisson: a The depth of open caisson
is not enough during drained sinking. b The head difference is very large during undrained sinking
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The influence range can be extended (1-3) H around the caisson (H is the
caisson depth). The ground subsidence amount usually depends on the soil water
loss. Long-time soil water loss will induce catastrophic ground subsidence. It
should be noted here, when the sands is overlying by hard clay layer, large-area
collapse is probably to happen as the underlying sands is continuously removing
due to quicksand.

Quicksand happening in the caisson will influence the nearby shallow founda-
tion constructions and also the pile foundation buildings. When conducting the
caisson construction in the saturated sands near some pile foundation, pile dis-
placement and inclination may be attributed to the surrounding soil movement
toward the caisson bottom during the caisson sink, rather than the soil consolidation
by well dewatering. If quicksand does happen in the caisson bottom, large move-
ment will arise in surrounding soils. Even nearby is deep foundation construction, it
can be damaged greatly.

3.4.7 The Prevention and Treatment of Quicksand

As mentioned above, when the hydrodynamic pressure exceeds the buoyant (sub-
merged or effective) unit weight or the hydraulic gradient is larger than the critical
value, quicksand is probably to happen. This circumstance is usually induced by the
excavation beneath ground water, the laying of underground pipes, well con-
struction, etc. Hence, quicksand is an engineering phenomenon. It can cause large
soil movement and result in ground collapse or building foundation damage.
Significant difficulties can be brought into the construction, and direct influence to
surrounding construction project and building stability maybe emerge. Therefore,
necessary prevention and treatment should be paid attention.

In the potential quicksand area, it had better conduct in the overlying soil layer
as natural soil foundation, or use pile foundation through the whole quicksand area
transferring the upload into stable soil layer. In total, the excavation should avoid
the quicksand area. If it could not be avoided, several treatments can be utilized as
below.

(1) Artificially dewater the groundwater level to ensure it below the quicksand
layer, shown in Fig. 3.10.

The prevention principle:

During the excavation, a upward seepage force is exerted on soils below the
surface. As for sands, when the hydraulic gradient increases to some extent,
quicksand will happen, i.e., the soil flow out of slope surface akin to a liquid state.
The limited seepage hydraulic gradient inducing quicksand can also use the critical
hydraulic gradient proposed by Terzaghi.
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(a) (b)  Well point

Initial groundwater table Initial groundwater table

\ Foundation pit

Depressed groundwater table

Fig. 3.10 Prevention of quicksand by well dewatering. a Sump b Well point

Fig. 3.11 The seepage force R

e
Y7
7

I=(1-n)(G—1) (3.9)

Dewatering

1k

where n is the porosity; Gy is the specific gravity of soil particle.

As for uniform sand soils, I, = 0.8—1.2. In practice, some safety factors will be
used in designation. As for the nonuniform silty sands, the critical hydraulic gra-
dient can only be I = 1/3. If the hydraulic gradient exceeds the design allowable
value, well dewatering should be conducted to prevent the quicksand phenomenon.
The well dewatering declines the seepage head difference existing inside and out-
side the foundation pit, and indirectly control the hydraulic gradient within the
allowable value, shown as Fig. 3.11. Simply only drainage ditch could not lower
the seepage hydraulic gradient. Dewatering well cannot only decrease the hydraulic
gradient within the safe value, but also change the seepage flow direction, which
make the water flow moves into dewatering well pipe.

(2) Sheet pile wall can be constructed. This method has advantages in two
aspects. First it can reinforce the foundation pit as retaining wall; second it prolongs
the seepage path so that to decline the hydraulic gradient and slower the seepage
velocity.

(3) Attificial ground freezing. This method can be used before excavation.
Surrounding soils are frozen as a water-sealing wall with higher strength.
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(4) Excavation in submerged condition. To avoid quicksand induced by head
difference from drainage and to strengthen the stability of sands, the excavation can
be performed whilst injecting (recharging) water into the foundation pit.

In addition, some other methods such as chemical reinforcement, blasting
method, strengthen weighting, etc. When some local quicksand occurs during
excavation, filling coarse gravel can alleviate the quicksand movement greatly.

3.5 Liquefaction of Sands and Relevant Preventions

3.5.1 Liquefaction

A number of failure of embankment, natural slopes, earth structures and founda-
tions have been attributed to the liquefaction of sands caused by either static or
seismic loading. The liquefaction phenomenon of soil deposits can be described as
the reduction of shear strength due to pore pressure buildup in the soil skeleton.
When some saturated loose sand (including some silt) is applied by vibration load
or a static load sharply, if the pore water could not flow out in time, the contrac-
tancy of loose sands is responded in continuously increasing of pore-water pressure.
Correspondingly, the effective stress ¢’ gradually decreases. When ¢’ = 0, the
saturated soil substantially loses shear strength and stiffness. At the onset of initial
liquefaction, loose sands will undergo unlimited deformations or flow without
mobilizing significant resistance to deformation. As a result, structures supported
above or within the liquefied deposit undergo significant settlement and tilting;
water flows upward to the surface creating sand boils; and buried pipelines and
tanks may become buoyant and float to the surface. This is usually termed as
liquefaction.

The phenomenon of liquefaction is most often observed in any part of saturated
loose sands. It can occur in the ground surface, or some depth underground,
depending on the sand condition and vibration circumstance. Sometimes the
shallow sand layers are liquefied induced by liquefaction of underlying sands.
The excess pore-water pressure is dissipated by upward flowing of water. If the
hydraulic gradient is so large that the upward water flow may destroy the stability of
overlying sand layers and results in seepage failure. Even the failure has not shown
up but the strength of overlying sand layers will be lowered severely.

Usually phenomena of sand boils, water spouts, and ground cracks appear in the
areas of liquefaction. The waterspouts can reach as high as several meters and the
sand concomitant accumulates as a crateriform around the spray spout in a diameter
of several meters. These mostly start to happen several seconds shortly after a
strong earthquake arises, and lasts decades’ minutes to a few hours after the
earthquake stops, or even tens of hours. However, sand boils and water spouts may
not always happen in some circumstances, such as when the liquefaction sensitive
sand layers are deep beneath the ground surface with very thin thickness. The
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upward spraying pore-water and sand particles are not sufficient to reach the ground
surface. Just some sand veins are formed in the overlying layers. This kind potential
liquefaction in deep soil usually will not cause tremendous amount of damage.

Liquefaction of sands induces to lose the bearing capacity and some concomitant
movements. It always brings a lot of catastrophic failure and damage. Case histories
of landslides or flow failures due to liquefaction are the 1937 Zeeland coast of
Holland slides involving 7 million cubic meters of alluvial sands, and the 1944
Mississippi River slid near Baton Rouge containing about 4 million cubic meters of
fine sands. Failures of hydraulic fill dams such as the Calaveras Dam in California
in 1918, the Fort Peck Dam in Montana in 1938, and the Lower San Fernando Dam
during the 1971 San Fernando Earthquake in California, just to name a few, were
triggered by the liquefaction of sands. Although the importance of liquefaction of
sands induced by static loading has been recognized since the work of Casagrande
(1936), the subject of liquefaction of sands by seismic loading had not received a
great deal of attention until 1964 when two major earthquakes shook Anchorage,
Alaska, and Niigata, Japan, resulting in substantial damage and loss. The Alaska
earthquake in 1964, a shock with a magnitude, M, of 9.2 on the Richter scale,
destroyed or damaged more than 200 bridges and caused massive landslides.
Moreover, the 7.5-magnitude earthquake of June 16, 1964, in Niigata, Japan, the
extensive liquefaction of sand deposits resulted in major damage to buildings,
bridges, highways and utilities. Foundations lost the bearing capacity and engi-
neering constructions damaged severely. Over 1 meter settlement occurred in most
areas. Several apartments tilted almost 80°. During the liquefaction, some
groundwater spouted out from the ground cracks. Meanwhile, cars, buildings, or
other objects on the ground surface sunk into underground soils. And some
underground constructions damaged and were risen up to the ground surface. Some
harbor port facilities were damaged a lot. It was estimated that more than 60000
buildings and houses were destroyed.

There were subsequent 229 disasters of sand liquefaction near Southwest
Seaside in Netherlands in 1861-1947. The influence area was as high as 2.5 million
square meters. The liquid soils in movement reach 25 million cubic meters. The
original coast slope was 10°-15°, and was decreased as 3°—4° after liquefaction.
A reservoir in Xinjiang, with a 3.5-7.1 m height dam, was established in 1959. In
April 1961, a 9° strong earthquake occurred here and in October 1962, the second
earthquake happened again. The sandy silts (just tens of centimeters in thickness)
were liquefied and the dam was slid and resulted in dam foundation damage. At the
8° earthquake area in Xingtai in 1966, sands spouted out from ground cracks and
hydraulic gate of dams were mostly lower down. From the Tangshan earthquake,
there were four kinds of liquefaction. Flat sheeted and striped liquefaction were
distributed in the view of surface (Fig. 3.12). Shallow soil and deep soil lique-
factions were observed from the view of vertical profile. The sheeted liquefaction
and shallow liquefaction arose in the alluvial fan areas of the river. Striped lique-
faction and deep soil liquefaction mostly occurred in the downstream of the ancient
river. The damage differed in these various distributions. Specific analysis on the
soil distributions can make great significance to ensure more applicable designation.
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Fig. 3.12 Liquefaction properties (from Handbook of design and construction of underground
engineering, 1999). a Sheeted liquefaction surface; b Striped liquefaction surface; ¢ Shallow soil
liquefaction; d deep soil liquefaction

From the statistical investigation of earthquake damage, more than half of the
earthquake damages are induced by liquefaction. Taking Hatching Earthquake and
Tangshan Earthquake as examples, the number of building failures due to foun-
dation liquefaction accounted for almost 54 % of the total foundation damages.
Foundation liquefaction can make the buildings tilt, collapse, or induce ground
uplift, cracks, or slides of coast slope surface. Some shallow light construction
(such as pipes) can be moved upward to ground surface as well. In total, all the
facilities in the liquefaction area can hardly avoid the damage.

However, it is worth remarking that once liquefaction happens, the above var-
ious damages will arise but the surface movement can be alleviated. Since the
liquefaction layer can effectively weaken the energy transfer of upward shear wave.
At the same time the accompanied sand boils and waterspouts can consume a part
of energy and results in smaller energy reaching the ground surface. Hence the
vibration duration can be shortened. This is the reason that the seismic intensity in
the liquefaction area is always not higher than nonliquefaction area, even smaller.
Acknowledge of the advantages and adverse aspects of liquefaction in earthquake
disaster is very important for improving the aseismic design level. In practice, firstly
whether the foundation is sensitive to liquefaction or not should be distinguished.
Then the relevant measurement can be adopted.

3.5.2 The Factors Affecting Liquefaction

From the statistical investigation of earthquake damage, more than half of the
earthquake damages are induced by liquefaction. Taking Hatching Earthquake and
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Tangshan Earthquake as examples, the number of building failures due to foun-
dation liquefaction accounted for almost 54 % of the total foundation damages.
Foundation liquefaction can make the buildings tilt, collapse, or induce ground
uplift, cracks, or slides of coast slope surface. Some shallow light construction
(such as pipes) can be moved upward to ground surface as well. In total, all the
facilities in the liquefaction area can hardly avoid the damage.

However, it is worth remarking that once liquefaction happens, the above var-
ious damages will arise but the surface movement can be alleviated. Since the
liquefaction layer can effectively weaken the energy transfer of upward shear wave.
At the same time the accompanied sand boils and waterspouts can consume a part
of energy and results in smaller energy reaching the ground surface. Hence the
vibration duration can be shortened. This is the reason that the seismic intensity in
the liquefaction area is always not higher than nonliquefaction area, even smaller.
Acknowledge of the advantages and adverse aspects of liquefaction in earthquake
disaster is very important for improving the aseismic design level. In practice, firstly
whether the foundation is sensitive to liquefaction or not should be distinguished.
Then the relevant measurement can be adopted.

Based on field observation and laboratory testing results, liquefaction charac-
teristics of cohesionless soils are affected by a number of factors:

(1) Grain Size Distribution and Soil Types

The type of soil most susceptible to liquefaction is one in which the resistance to
deformation is mobilized by friction between particles. If other factors such as grain
shape, uniformity coefficient and relative density are equal, the frictional resistance
of cohesionless soil decreases as the grain size of soils becomes smaller. Tsuchida
(1970) summarized the results of sieve analyses performed on a number of alluvial
and diluvial soils that were known to have liquefied or not to have liquefied during
earthquakes. He proposed ranges of grain size curves separating liquefiable and
nonliquefiable soils as shown in Fig. 3.13. The area within the two inner curves in
the figure represents sands and silty sands, the soils with the lowest resistance to
liquefaction. A soil with a gradation curve falling in the zones between the outer
and inner curves is less likely to liquefy. Soils with a higher percentage of gravels
tend to mobilize higher strength during shearing, and to dissipate excess pore
pressures more rapidly than sands. However, there are case histories indicating that
liquefaction has occurred in loose gravelly soils (Seed 1968; Ishihara 1985; Andrus
et al. 1991) during severe ground shaking or when the gravel layer is confined by an
impervious layer. The space between the two curves farthest to the left reflects the
influence of fines in decreasing the tendency of sands to densify during seismic
shearing. Fines with cohesion and cementation tend to make sand particles more
difficult to liquefy or to seek denser arrangements. However, nonplastic fines such
as rock flour, silt and tailing slimes may not have as much of this restraining effect.
Ishihara (1985) stated that clay- or silt-size materials having a low plasticity index
value will exhibit physical characteristics resembling those of cohesionless soils,
and thus have a high degree of potential for liquefaction. Walker and Steward
(1989), based on their extensive dynamic tests on silts, have also concluded that
nonplastic and low plasticity silts, despite having their grain size distribution curves



132 3 Groundwater Engineering Problem and Prevention
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outside of Tsuchida’s boundaries for soils susceptible to liquefaction, have a
potential for liquefaction similar to that of sands and that increased plasticity will
reduce the level of pore pressure response in silts. This reduction, however, is not
significant enough to resist liquefaction for soils with plasticity indices of 5 or less.

Even though major slide movements during earthquakes have occurred in clay
deposits, they are commonly considered to be nonliquefiable during earthquakes in
the sense that an extensive zone of clay soil is converted into a heavy fluid con-
dition. However, it is believed that quick clays may lose most of their strength after
strong shaking and that other types of clay may lose a proportion of their strength
resulting in slope failures. Frequently, landslides in clay deposits containing sand or
silt lenses are initially triggered by the liquefaction of these lenses before any
significant strength loss occurs in the clay. This has been supported by laboratory
test results which indicate that the strain required to liquefy sands is considerably
smaller than the strain required to overcome the peak strength of cohesive soils
(Seed 1968; Poulos et al. 1985). There is also ample evidence to show that uni-
formly graded materials, generally having a uniformity coefficient smaller than five,
are more susceptible to liquefaction than well-graded materials (Ross et al. 1969;
Lee and Fitton 1969) and that for uniformly graded soils, fine sands tend to liquefy
more easily than coarse sands, gravelly soils, silts, or clay.

(2) Relative Density

Laboratory test results and field case histories indicate that, for a given soil,
initial void ratio or relative density is one of the most important factors controlling
liquefaction. Liquefaction occurs principally in saturated clean sands and silty sands
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Table 3.2 The relative Seismic fortification 6 7 8 9
density index D, for intensity
possibility in liquefaction
D, 0.65 |0.70 |0.75 |0.80-
0.85

having a relative density less than 50 %. For dense sands, however, their tendency
to dilate during cyclic shearing will generate negative pore-water pressures and
increase their resistance to shear stress. The lower limit of relative density beyond
which liquefaction will not occur is about 75 %. According to Code for
Hydropower Engineering Geological Investigation (GB50287-2006), it is specific
that when the relative density D, is smaller than values in Table 3.2, liquefaction
probably happens during earthquake. During the Niigata earthquake of 1964 in
Japan, in 7-M areas, liquefaction mostly occurred in the places with D, < 0.5; and
the sections with D, > 0.5 can hardly be seen the liquefaction damage.

(3) Earthquake Loading Characteristics

The vulnerability of any cohesionless soil to liquefaction during an earthquake
depends on the magnitude and number of cycles of stresses or strains induced in it
by the earthquake shaking.

These in turn are related to the intensity, predominant frequency, and duration of
ground shaking. The earthquake load is characterized in terms of the maximum
acceleration. Generally when the surface maximum acceleration reaches 0.1g (g is
the gravity acceleration, 1g = 980 cm/s), liquefaction is potential to happen. Both
field monitoring and experimental data indicate that liquefaction of soil under
dynamic loading is related with the vibration frequency and duration. Such as the
Alaska earthquake, most liquefaction occurred 90 s later after the earthquake
happened. If that earthquake lasted only 45 s, it was probably that liquefaction
hardly arose.

(4) Vertical Effective Stress and Overconsolidation

It is well known that an increase in the effective vertical stress increases the
bearing capacity and shear strength of soil, and thereby increases the shear stress
required to cause liquefaction and decreases the potential for liquefaction. From
field observations it has been concluded by a number of investigators that saturated
sands located deeper than 15-18 m are not likely to liquefy. These depths are in
general agreement with Kishida (1969) who states that a saturated sandy soil is not
liquefiable if the value of the effective overburden pressure exceeds 190 kN/m>.

Both theory and experimental data show that for a given soil a higher over-
consolidation ratio leads to higher lateral earth pressure at rest and thereby increases
the shear stress ratio required to cause liquefaction. During the Xingtai Earthquake
in China, there was a village in the same buried sand layer condition with other
areas. Liquefaction did not happen here due to the difference with 2-3 m fill soil
above. During the Niigata Earthquake in Japan, the areas with 2.75 m filling soils
were all stable without liquefaction, while in other area severe liquefaction
happened.
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(5) Age and Origin of the Soils

Natural deposits of alluvial and fluvial origins generally have soil grains in the
state of loose packing. These deposits are young, weak, and free from added
strength due to cementation and aging. Youd and Hoose (1977) stated that, as a rule
of thumb, alluvial deposits older than late Pleistocene (10,000-130,000 years) are
unlikely to liquify except under severe earthquake loading conditions, while late
Holocene deposits (1,000 years or less) are most likely to liquefy, and earlier
Holocene (1,000-10,000 years) deposits are moderately liquefiable.

(6) Seismic Strain History

It has been demonstrated from laboratory test results that prior seismic strain
history can significantly affect the resistance of soils to liquefaction (Finn et al.
1970; Seed et al. 1977; Singh et al. 1980). Low levels of prior seismic strain history,
as a result of a series of previous shakings producing low levels of excess pore
pressure, can significantly increase soil resistance to pore pressure buildup during
subsequent cyclic loading. This increased resistance may result from uniform
densification of the soil or from better interlocking of the particles in the original
structure due to elimination of small local instabilities at the contact points without
any general structural rearrangement taking place. Large strains, however, associ-
ated with large pore pressure generation and conditions of full liquefaction can
develop weak zones in the soil due to uneven densification and redistribution of
water content (National Research Council 1985; Whitman 1985), and thus lower
the resistance of the soil to pore pressure generation during subsequent cyclic
loading.

(7) Degree of Saturation

Liquefaction will not occur in dry soils. Only settlement, as a result of densi-
fication during shaking, may be of some concern. Very little is known on the
liquefaction potential of partially saturated sands. Available laboratory test results
(Sherif et al. 1977) show liquefaction resistance for soils increases with decreasing
degree of saturation, and that sand samples with low degree of saturation can
become liquefied only under severe and long duration of earthquake shaking.

(8) Thickness of Sand Layer

In order to induce extensive damage at level ground surface from liquefaction,
the liquefied soil layer must be thick enough so that the resulting uplift pressure and
amount of water expelled from the liquefied layer can result in ground rupture such
as sand boiling and fissuring (Ishihara 1985; Dobry 1989). If the liquefied sand
layer is thin and buried within a soil profile, the presence of a nonliquefiable surface
layer may prevent the effects of the at-depth liquefaction from reaching the surface.
Ishihara (1985) has set up a criterion to stipulate a threshold value for the thickness
of a nonliquefiable surface layer to avoid ground damage due to liquefaction, as
shown in Fig. 3.10. Although this figure is believed to be speculative and should
not be used for design purposes, it provides initial guidance in this matter for sites
having a buried liquefiable sand layer with a standard penetration resistance of less
than 10 blows per 0.3 m. It should also be noted that even though the thickness of a
nonliquefiable surface layer exceeds the threshold thickness shown in the figure, the
ground surface may still experience some settlement which may be undesirable for
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certain settlement-sensitive structures. Like all of the empirical curves shown in this
report, this figure, based on just three case histories, may need to be modified as
more data become available.

3.5.3 Evaluation of Liquefaction Potential

To date, after 30 years of intensive research on this subject, much progress has been
made in understanding the liquefaction phenomena of cohesionless soils under
seismic loading. A variety of methods for evaluating the liquefaction potential of
soils have been proposed. As mentioned above, the factors affecting sands or silts
are various. Various procedures for evaluating the liquefaction potential of saturated
soil deposits have been proposed in the past 20 years. These procedures, requiring
various degrees of laboratory and/or in situ testing, may be classified into two
categories: first aspect is empirical correlations between in situ characteristics and
observed performance. Soil liquefaction characteristics determined by field per-
formance have been correlated with a variety of soil parameters such as Standard
Penetration Test (SPT) Resistance, Cone Penetration Resistance, Shear Wave
Velocity and Resistivity and Capacitance of Soil. Second is threshold shear strain
concept compared with the laboratory testing value. There exists for a given
cohesionless soil a threshold shear strain, typically 0.01 %. If the peak shear strain
induced by an earthquake does not exceed this strain, the shaking will not cause a
buildup of excess pore pressure regardless of the number of loading cycles, and,
therefore, liquefaction cannot occur. For the laboratory condition limitation for
undisturbed saturated sands or silts, the former method is more applicable in
practical engineering. And it has been adopted into relevant specific code. And
during the in situ testing soil parameters, Standard Penetration Test
(SPT) Resistance is used widely in many countries, such as China, Japan, and the
United States.

The determination of vibrated liquefaction of soil may be carried out in two
stages: preliminary determination and redetermination. During preliminary deter-
mination, soil stratum, which will not be excluded; and for soil stratum, which is
likely to be liquefied according to preliminary determination, redetermination shall
be performed to determine the liquefaction potential.

1. According to the experience, the preliminary determination can be carried out
as follows:

(1) If a stratum belongs to the age of Quaternary late Pleistocene (Qs3) or earlier,
it may be determined as nonliquefied soils for intensity 7-9.

(2) If the percentage of grain content with particle size bigger than 5 mm is
equivalent to or larger than 70 %, it may be determined to be nonliquefaction. If the
percentage of grain content with particle size larger than 5 mm is smaller than
70 %, and no other integral discriminative method is available for use, its lique-
faction performance may be determined according to the portion of grain with
particle size smaller than 5 mm. For soil with particle size smaller than 5 mm, if the



136 3 Groundwater Engineering Problem and Prevention

mass percentage of grain content is larger than 30 %, and the mass percentage of
grain contents with particle size smaller than 0.005 mm, corresponding to aseis-
matic fortification intensity VII, VIII and IX, are not smaller than 10, 13 and 16 %
respectively, it may be determined as nonliquefaction.

Note: The clay particles contain shall be determined by use of sodium
heametaphosphate as the dispersant. When other methods are be used, it shall be
correspond conversed according to relative provisions.

(3) For buildings with natural subsoil, the consequences of liquefaction need not
be considered when the thickness of the overlying nonliquefied soils and the ele-
vation of groundwater table comply with one of following conditions:

dy >dy+dy, —2
dy >dy+d, —3
dy+dy > 1.5dy 4+ 2d, — 4.5

where d,, is the elevation of groundwater table (in m), for which the mean annual
highest elevation during the reference period should be used, or the annual highest
elevation in recent years may also be used; d, is the thickness of the overlying
nonliquefiable layer (in m), in which the thickness of mud and silt seams should be
deduced; d, is the foundation depth (in m), when it is less than 2 m, shall equal
2 m; dy is the reference depth of liquefaction soil (in m), it may be taken as the
values presented in Fig. 3.14 (according to the earthquake disaster survey data
some criteria are drawn in Fig. 3.14 including some safety factors).

2. When the sequence discriminated liquefaction need be considered base on the
primary discrimination, the standard penetration tests shall be performed, in which
the discriminated depth shall be taken as 15 m underground, but shall be taken as

Overlying non-liquefiable soil thickness d, (m)
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Fig. 3.14 The preliminary discrimination criteria for liquefaction according to two thicknesses
(from Handbook of design and construction of underground engineering 1999)
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20 m underground for the pile foundation or for the foundation buried depth greater
than 5 m.

When the measured value of standard penetration resistance (in blow-number,
and bar-length-modification is not included) is less than the critical value of that, the
saturated soil shall be discriminated as liquefied soil; and other methods, if already
proved successful, may also be used.

Within the depth of 15 m underground, the critical value of standard penetration
resistance (in blow-number) for liquefaction discrimination may be calculated
according to the following equation:

3
Ner = NoB[In(0.6d5 + 1.5) — 0.1dy ] [— (3.10)

C

Within the depth of 15-20 m underground, the critical value of standard pen-
etration resistance (in blow-number) for liquefaction discrimination may be cal-
culated according to the following equation:

3
Ner = No[2.4 — 0.1d ] = (3.11)

Pe

where N, is the critical value of standard penetration resistance (in blow-number)
for liquefaction faction discrimination; N, is the reference value of standard pen-
etration resistance (in blow-number) for liquefaction discrimination, it shall be
taken from Table 3.3; d; is the depth of standard penetration resistance for saturated
soil (in m); p, is the percentage of clay particle content; when it is less than 3 % or
when the soil is sand, the value shall equal 3 %.

3. For the subsoil with liquefied soil layers, the level and thickness of soil layer
shall be explored and the liquefaction index shall be calculated by the following
equations, and then the liquefaction grades shall be comprehensively classified
according to Table 3.4.

n Ni
Le = Z (1 -V '>d,'w,- (3.12)

cri

Table 3.3 Reference value

- Design seismic group Aseismatic fortification
of standard penetration intensity
resistance 7 3 9
Group 1st 6 (8) 10 (13) 16
Group 2nd or 3rd 8 (10) 12 (15) 18

Note Values in the brackets are used for the design basic
acceleration of ground motion is 0.15g and 0.30g
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Table 3.4 Grade of liquefaction

Grade of liquefaction Light Moderate Serious
5 |5<h. <15 |L.>15
6<lh. <18 |I,>18

Liquefaction index for discrimination depth is 15 m |0 < [,

IN[IN

Liquefaction index for discrimination depth is 20 m |0 < [,

Ni
Neri

n
where I, is the liquefaction index: [, = (1 —

i=1
standard penetration test point in each bore within the discriminated depth under the
ground surface; N;, N.; are measured value and critical value of standard pene-
tration resistance (in blow-number) at ith point respectively, when the measured
value is greater than the critical value, shall take as equal critical value; d; is the
thickness of soil layer (in m) at ith point, it may be taken as half of the difference in
depth between the upper and lower neighboring standard penetration test points, but
the upper point level shall not be less than elevation of groundwater table, and the
lower point level not greater than the liquefaction depth; w; is the weighted function
value of the ith soil layer (in m™"'), which is considered the effect of the layer
portion and level of the unit soil layer thickness. For discrimination depth is 15 m
underground, such value is equal 10 when the depth of the midpoint of the layer is
less than 5 m, is zero when it equals 15 m, and linear interpolation when it
is between 5 and 15 m. For discrimination depth is 20 m underground, such value
is equal 10 when the depth of the midpoint of the layer is less than 5 m, is zero
when it equals 20 m, and linear interpolation when it is between 5 and 20 m.

4. Moreover, another method is recommended in Code for Investigation of
Geotechnical Engineering (GB50021-2001) by Cone penetration tests to discrim-
inate sand liquefaction. It was proposed by Ministry of Railway Institute of Science
and Technology, and also suggested in international professional conference. This
method is mainly based on the 125 series of testing information in different
intensity area during Tangshan Earthquake. It is suitable for saturated sands and
silts. The criterion is that, when the calculated specific penetration resistance or tip
resistance is smaller than the critical specific penetration resistance or tip resistance,
it is regarded as liquefaction.

A critical specific penetration resistance to discriminate the liquefaction of sat-
urated sands was carried out as Eq. (3.13).

)diwin; n is the total number of

Pscr = Pso%w Xulp
Geer = c0%w Xy dp
oy = 1 — 0.065(dy — 2) (3.13)
o =1 —0.05(dy — 2)

where pgr, geer 18 the critical specific penetration resistance or tip resistance of
saturated sands, MPa; py, g0 is the base value of specific penetration resistance or
tip resistance under conditions of 2 m groundwater table (dy =2 m) and 2 m
overlying nonliquefiable soil (d, = 2 m) (shown as Table 3.5); a,, is the ground-
water table correction coefficient, it can be 1.13 when there is water and always has
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Table 3.5 The base value of py, geo

Aseismatic fortification intensity 7 8 9
Pso(MPa) 5.0-6.0 11.5-13.0 18.0-20.0
qco(MPa) 4.6-5.5 10.5-11.8 16.4-18.2

Table 3.6 The correction coefficient of soil properties

Soil type Sands Silt
Friction resistance ratio Ry R <04 0.4<R; <09 Ry > 0.9
Otp 1.00 0.60 0.45

hydraulic connection all over a year; «, is the correction coefficient of overlying
nonliquefiable soil thickness, it can be 1.0 for deep foundation pit; d,, is the buried
depth of groundwater table; d,, is the overlying nonliquefiable soil thickness, m; o,
is the correction coefficient of cone penetration friction resistance ratio, shown as
Table 3.6.

One more method is the shear wave velocity discrimination for liquefaction
according to the Code for Investigation of Geotechnical Engineering
(GB50021-2001).

When the shear wave velocity of soil stratum is larger than the upper limit one
calculated by Eq. (3.14) or Eq. (3.15), it may be determined as nonliquefaction.

Sand:

Vier = 1/ Ke(ds +0.01d2) (3.14)

Silt:

Ver = \/Ke(ds — 0.0133a2) (3.15)

where v, is the critical value of shear wave velocity of saturated sand or silt, m/s;
K. is the empirical coefficient, it is 92, 130, 184 in saturated sands and 42, 60 and
84 in saturated silts for intensity 7, 8, and 9 respectively; d; is the depth of mea-
suring point for shear wave velocity in sand or silt, m.

According to the specific code, any single method results should comprehen-
sively analyzed with other method when the discrimination could not be determined
easily.

There is another method called maximum pore-water pressure discrimination,
proposed by the Institute of Science in water resource and hydropower of China in
the Fifth International Conference on soil mechanics and foundation engineering.
A relevant paper conducted the research on liquefaction analysis on sand founda-
tion and sandy slope. This paper suggested that the triaxial testing apparatus on
shaking table (vertical vibration) can be used for liquefaction study in the
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Fig. 3.15 The pore-water %= 145 a=0.1
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laboratory. Maximum and minimum principal stresses ¢; and g3 were applied as
confining pressure and vertical pressure in the triaxial test on the shaking table. The
vertical pressure were employed to vibrate during ¢; + Agy, where Ag; = g, g, o

was the vibration acceleration. The maximum pore-water pressure u (undrained)
was measured during the loading of o3 and ¢; &+ Ag. By virtue of this, the dynamic
stability of sand foundation can be checking based on the method in soil mechanics.

Figure 3.15 is the maximum pore-water pressure field measured data under
different dynamic loading in a muddy fine sands (Dsy = 0.06 mm, coefficient of
uniformity u, = 1.4). From the figure, the smaller the confining pressure o3 is, the
maximum pore-water pressure generated is larger. u/g3 increased as the stress ratio
o1/03 declined.

5. Simplified stress comparison method

Basically, this method is to compare the shear stress generated during vibration
loading to the critical shear stress inducing liquefaction (i.e., the shear strength
under a certain dynamic loading) and hereby to discriminate the range of lique-
faction. For this purpose, several problems should be figured out. First the shear
stress values in different depths under the vibration loading, by practical experience
or theoretical computation. Second the critical shear stress for liquefaction under
different stress conditions, analyzing in situ for liquefied area and nonliquefied area,
or through laboratory tests, such as dynamic triaxial tests and reciprocated simple
shear tests. These two aspects are much complicated. Here a simplified method
proposed by Seed is introduced.

(1) The simplified calculation for the shear stress generated during earthquakes:

vh
Tay & 0.65 % O * T (3.16)
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Fig. 3.16 Stress reduction Stress reduction factor y,
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where t,, is the average peak shear stress; y is the unit weight of the soils above the
studying depth; / is the buried depth of purpose soils; oy« is the maximum hor-
izontal ground acceleration during earthquakes; y4 is the reduction factor of
dynamic stress, whose value is smaller than 1, depending on the soil type and
buried depth shown as Fig. 3.16.

From the above figure, it can be seen that in the upper 9.00-12.00 m, the
variation of y; marginally changed. The average value in the dash curve can be
used.When in the depth of:

3m, y3 =0.98
6m, y3 =0.95
9m, y4 =0.92
12m, y4 =0.85

Nevertheless the deviation brought in is generally less than 5 %. According to
Eq. (3.16), if the maximum acceleration generated during the earthquake can be
known, as well as unit weight of soil, then the average shear stress under different
depth during the earthquake can be calculated.

(2) The simplified calculation for critical shear stress inducing liquefaction

The liquefied shear stress under reciprocated vibration loading can be deter-
mined by analyzing the stress condition of liquefaction during earthquakes. It can
also be figured out by specific laboratory tests.

According to the previous research data, the relation of the liquefied shear stress
ratio in situ and measured in the laboratory presented in Eq. (3.17).

Tq Aoy D,
-4y .Cr— 17
(06) (203 ) 50 “ 50 (3.17)
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Fig. 3.17 The relation of 1.0
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where 14 is the liquefied shear stress on the horizontal surface; a() is the initial
stress; o1 + Aoy is the vertical stress under cyclic loading; o3 is the initial con-
solidation stress, i.e., confining pressure. C, is the modification factor from labo-

ratory data to the in situ value, shown as Fig. 3.17; (%) is the liquefied stress
3750

ratio under triaxial tests. The relative density of the sand was controlled in 50 %
during the tests.

Figure 3.19 was the result of the stress ratios under different particle size (rep-
resented by dsg) and the same relative density of 50 %. Even though these two
curves obtained from two different researchers, the results were much consistent
with each other. Hence we can use Fig. 3.18 to get the rough linear relationship
between liquefied shear stress ratio and relative density of sand, combined with
Eq. (3.15), (;&') can be calculated.

0

(3) Comparing the value calculated from Eq. (3.16) 1,y and Eq. (3.17) 4, the
area of 74 <7,y is the range of liquefaction, presented in Fig. 3.19.

6. The critical acceleration method

This method is based on the laboratory dynamic triaxial tests. During the tests,
the sample was saturated and drained consolidation under confining pressure o3

Fig. 3.18 The relation 0.30
between shear stress ration D.=50%
and grain size 025 —
’ Rediprocated cycles|
Ao, —10
0.20
20, |30
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Fig. 3.19 The relation of Stress
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was performed, then the drainage valves were closed for the undrained vibration
loading. Gradually increasing the vibration acceleration, a critical acceleration to
make sand liquefaction can be found under a certain confining pressure g3. Then
the sand sample were remolded to measure the critical acceleration under different
confining pressures. A relation of g3 ~ a. can be deduced out. In addition, the
critical acceleration a. under different o3, ¢ can be figured out during the tests as
well. Then the curve of (o) — 03) ~ a, was acquired.

To discriminate the potential of liquefaction, it can be derived by calculation
method or experimental method. The maximum and minimum primary stress of a3,
o, are both figured out in each calculation point of sand foundation under the
designed loading; according to the (o1 — 03) ~ a. curve, the a. value of each point
can be determined. All the same a. values are connected to draw isolines in each a,
value. During a practical earthquake, the acceleration is a. All the areas of a. </,
are the potential liquefaction places.

The above six methods, except maximum pore-water pressure method and the
critical acceleration method are time consuming and contain a lot of work based on
laboratory dynamic triaxial tests, are really convenient and simply to be carried out.

3.5.4 Anti-Liquefaction Measurement

Numerous case histories on earthquake activities have documented that liquefaction
of cohesionless soils is one of the major causes for structure damage and human
casualties. However, one can ensure that liquefaction in loose cohesionless soils
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cannot be triggered if the effective stress of the soil during shaking is always greater
than zero. The development of initial liquefaction in dense sands is often of no
practical significance, since subsequent straining will decrease the amount of pore
pressure generated. Hence, on one hand, if the potentially liquefiable soil layer is
located at the ground surface and is not thicker than 3.5 m, the most economical
solution may be removal and replacement with properly compacted nonliquefiable
soils. However, for liquefaction-prone soil layers located deeper than 3.5 m from
the ground surface, ground reinforcement techniques such as dynamic compaction,
vibroflotation, stone columns and grouting may be the optimal solution. Or using of
piling to bypass the potentially liquefiable zones. This is the brute force and
cost-expensive solution. Piling would need to be designed for the unsupported
length equivalent to the liquefied depth and for potential negative skin friction from
clay layers overlying liquefiable zones. On the other hand, from the view of
superstructure without soil improvements, increasing the overall stiffness and
balance-symmetric ability in the superstructure (avoiding to employ differential
settlement-sensitive structure) or strengthening the integrity and rigidity of the
foundation (such as raft foundation, box foundation, or cross-strip foundation) can
effectively improve the ability of balancing the differential settlement in buildings
and then mitigate the consequences of foundation liquefaction damage.

From the investigation of earthquake disasters, the circumstances differed a lot
whether the liquefied layers located directly underlying the foundation or
interbedded by a nonliquefied layer. The consequences of latter were mitigated
greatly. Therefore, if there is a nonliquefied layer close to the ground surface; and
the building upper loads are not so large, shallow foundation should be applied to
best utilize this nonliquefiable layer as the bearing layer. Similarly, raising the
ground surface elevation to increase the overlying pressure by filling soil is also an
effective measurement.

In total, a rational anti-liquefaction measure is really important, in which safety
and cost should be both cared. Comprehensively considering the foundation lig-
uefaction grade and the specific superstructure configuration, the option can be
determined by the seismic code or previous practical experience.

3.6 Pore-Water Pressure Problems

3.6.1 The Influence of Pore-Water Pressure on Shear
Strength

In an undrained triaxial test on a saturated foundation clay, each increase of the cell
pressure will lead to increase of the pore-water pressure. According to effective
stress theory and Skempton’s formula, this can be described in Eq. (3.18).
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{ o=0+u (3.18)

Au = B[Ac3 +A(Ac; — Ads))

where © is the total stress, kPa; ¢’ is the effective stress, kPa; Aoy, Ags are the
maximum and minimum primary stress increment, respectively, kPa; A, B are
coefficients of pore-water pressure called as Skempton’s coefficients: B is related to
the saturation of soil, in which complete saturation refers to B = 1; complete dry
condition B = 0. The values of B observed in tests are usually somewhat smaller
than 1. A is related to the stress history of soils. Higher overconsolidation ratio
results in smaller A value. The coefficient A various values, usually between 0 and
0.5 are found, but sometimes even negative values have been obtained.

Hence, when changes occur, positive or negative pore-water pressure can either
be generated. Since the effective stress on the soil particle skeleton, equals to the
difference between the total pore-water pressure and pore-water pressure, the
undrained pore-water pressure variation only affects the effective normal stress
applied on the soil skeleton, while has no influence on the shear stress.

(Gl —M)—((Y3—I/l)
2

O’ll — O'/3

. 01— O
T=——>5in20 =
2

sin 20 = Jsin20 (3.19)

Under a certain total stress condition, the positive pore-water pressure will
weaken the shear strength of soils. From Fig. 3.20, if the initial stress condition is
represented by the Mohr circle A, and a positive pore-water pressure is generated
during the undrained triaxial test, resulting the left movement in the Mohr circles
and closer to the strength envelop. When the Mohr circle is tangent to the strength
envelop curve, such as B, the soil strength failure happens. On the contrary if the
negative pore-water pressure is generated the Mohr circle moves to right and results
in safer circumstance. In practical engineering, acknowledge of the variation of
pore-water pressure can really make great sense.

Fig. 3.20 The influence of
pore-water pressure on shear T
strength
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Fig. 3.21 The undrained stress variation during sampling. a In-situ condition. b After sampling.
¢ Tri-axial testing

Figure 3.21 presents an example of undrained stress variation process during
sampling. In Fig. 3.21a shows the undisturbed stress condition in situ. Assuming
the coefficient of the lateral pressure at rest K, = 1, the field consolidation pressure
is Py =7z and the initial pore-water pressure is uy =7, -z; total stress is
P =y - z. If the sampling technology is advanced enough to hardly bring distur-
bance for the soil, the stresses originally applied on the sample are all released. The

variation of total stress is —P = —y - z. It transfers into pore-water pressure Au =
—7 -z under undrained condition. Then the whole pore-water pressure is
u=uy+Au=vy,-z—y-z=—y -z resulting the effective stress on the soil

particle skeleton as:

dd=0c—-u=0—(—-2)=y-z="P

This calculation indicates that, the stress is released after soil sampling, but the
effective stress on soil particle skeleton has not changed. Figure 3.21b, c present the
stress conditions deploying in laboratory triaxial tests.

The above analysis makes significant sense on the excavation engineering. The
excavation can be considered as a negative load, which will result in decreasing
total stresses, and therefore decreasing pore pressures immediately after the exca-
vation. Due to consolidation, however, the pore-water pressures later will gradually
increase, and they will ultimately be reduced to their original value, as determined
by the hydrologic conditions. Thus the effective stresses will be reduced in the
consolidation process, so that the shear strength of the soil is reduced. This means
that in the course of time the risk of a sliding failure may increase. A trench may be
stable for a short time, especially because of the increased strength due to the
negative pore pressures created by the excavation, so during the excavation con-
struction, the soil in the bottom of foundation pit should be protected as soon as
possible and lay the cushion and pour the lining plate in short time.
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3.6.2 Instantaneous and Long-Term Stability in Foundation
Pit in Saturated Clay

During the stability analysis in foundation pit excavation, the shear strength of soil
should be considered under the influences of loading mode and time. Analyzing the
relative variation of stress and strength is the first step in the stability study and also
the most important part. By virtue of this, all variety of stages in the whole
foundation pit project can be under well consideration and control.

Figure 3.22 shows an embankment project in the saturated soft clay foundation.
The stress condition of point a is fully depicted in Fig. 3.23a, b. The shear stress
increases with the filling load rising. It approaches the highest at the onset of
completion. And the initial pore-water pressure equals to the static pore-water
pressure 7y, - hp. Due to the poor permeability, undrained condition can be logically
assumed, i.e., the excess pore-water pressure could not dissipate during the filling
load and the pore-water pressure ramps as the filling height rises. Shown as
Fig. 3.23b, the coefficient A of pore-water pressure is arbitrary and pore-water
pressure always positive value only otherwise large negative A exists. On the
completion of embankment, the shear strength is consistent with the undrained
shear strength at the beginning of construction (Fig. 3.23c).

After the completion of soil filling in embankment, i.e., at the time of #,, the total
stress keeps in a constant but the excess pore-water pressure dissipates gradually
and reach zero at the full consolidated time of #,. Consolidation makes the
pore-water pressure decline, void ratio decrease and effective stress and shear
strength augment both. Provided pore-water pressure value, the shear strength at
any time can be evaluated according to the effective stress indices ¢’ and ¢'. Hence,
the stability analysis on the completion should utilize total stress and undrained
strength methods. And the long-term stability should apply effective stress and
effective indices analysis. From Fig. 3.23d can be easily seen that, after the com-
pletion of filling, the foundation gets through a most adverse circumstance. Over
this stage, the safety degree is increasing with time.

Figure 3.24 presents the excavation in saturated soft clay. The stress condition of
point a is shown as the figure (Fig. 3.25). Excavation releases the overlying pres-
sure, resulting in decrease of pore-water pressure and occurrence of negative

-
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a

Fig. 3.22 The filling embankment on the soft foundation
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__V_

Fig. 3.24 The excavation on the soft foundation

pore-water pressure. If the pore-water pressure coefficient B equals to 1, the vari-
ation of pore-water pressure is following Eq. (3.20).

Au = Aoz +A(Aay — Ads) (3.20)

During the slope excavation, the minor primary stress declines more than the
major primary stress. Hence the variation of the minor primary stress Ags is neg-
ative; the excess pore-water pressure Au is negative at most circumstance. At the
onset of completion of excavation, the shear strength of point a reaches the highest
value; and because of the negative excess pore-water pressure, the shear strength is
still equal to the initial shear strength before excavation. With the expansion of the
soft clay after the excavation unloading, the negative pore-water pressure dissipates
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gradually; and the shear strength decreases accordingly. During a long-time dura-
tion, the negative pore-water pressure dissipates to zero resulting in lowest shear
strength. Therefore, it is not hard to understand, excavation is opposite to filling
circumstance. The stability after the completion is better than the long-term sta-
bility. The safety degree decreases with time.

Figure 3.26 shows the surcharge influence on foundation pit stability. The
excess pore-water pressure induced by large-area surcharge on the slope top, such
as heavy buildings or piling, etc., constructions, radiantly dissipates to drainage
exit. The water flows from b to a, which increase the pore-water pressure at point a.

The stability conditions are depicted in Fig. 3.27. Assuming the surcharge load
has some distance from the slope surface, the stress conditions is not conspicuously
influenced on the circle sliding surface. And the shear stress keeps the same
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(Fig. 3.27a). The pore-water pressure at point b increases by surcharge loading. As
the water radiantly drains down away to the drainage exit, the excess pore-water
pressure gradually ramps to highest value at point a. The augment of pore-water
pressure makes the shear strength and safety degree both decreases at point a. It can
be seen that, at a certain time #,, the safety degree has a minimum value. In this
circumstance, the potential dangerous is greatest. Hence, even if there are enough
instantaneous stability and long-term stability, the slope is still has possibility to
failure.

According to the above analysis, the stability of foundation pit is related to the
loading mode, pore-water pressure, effective stress and soil strength. Some
empirical experiences are summarized in Table 3.7 as reference.

3.7 Seepage

3.7.1 The Stability of Foundation Pit with Retaining Wall
Under Seepage Condition

During the excavation in saturated soft clay, supporting structures need to be
conducted. Sheet piles, underground diaphragm wall, cement mixing piles, or some
other bored piles are usually utilized to seal the groundwater during construction.
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Table 3.7 The measurements for improving the stability of foundation

Loading Variation in stability Measurement
Filling Poorest stability on the completion Control the loading rate to have
(loading) of filling and then increase with time | enough time for the dissipation of

excess pore-water pressure; sand
well can be used in foundation

Excavation Highest stability on the completion Protect the soil at pit bottom to avoid
(unloading) of excavation and then decrease disturbance. Place cushions as soon

with time as excavating to the design elevation
Large-area Most dangerous condition occurs Reasonably arrange surcharging
surcharge after a certain duration after the area. Avoid piling, blasting activities
(overloading) | completion of construction nearby the slope top

Due to the high groundwater level, groundwater flow lines and equipotential lines
are focused around the supporting structure, shown as Fig. 3.28. Hence the seepage
failure can easily happen at the bottom of foundation pit. So the embedded depth
should be designed appropriately to resist the seepage failure and enough safety
degree for the seepage stability.

Figure 3.28 shows a foundation pit with supporting structure. The planar seepage
calculation is shown as Fig. 3.29. 3-3’and 7-7 are assumed to be the water level
equipotential lines, by which the foundation pit is divided into two parts I and II.
Part T has the same seepage mode of the entrance and exit in foundation seepage
calculation of gate dam. Part II is equivalent to the half part of 25, length flat floor
seepage condition (Fig. 3.30). According to the fluid mechanics, the drag coeffi-
cients of these two conditions are presented in Fig. 3.31, in which, ; is the drag

coefficient of Part I, determined by parameter % and the % = 0 curve; &, is the drag
coefficient of Part II, determined by parameters % and %. Hereby the seepage

capacity from one single side of sheet piles is:

(3.21)

Fig. 3.28 Groundwater flow
lines and equipotential lines
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Fig. 3.29 Planar seepage
calculation schematic

Fig. 3.30 Schematic in
Part II (from Handbook of
excavation engineering 1997)

Fig. 3.31 Drag coefficients
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The water head at the end of supporting structure of point 3 or 7 is:

&
—h
& +&

hy (3.22)

Then the hydraulic gradient of the exit of foundation pit bottom (point 3 or 7) is:

hg

Ig =—
F S5

(3.23)

The critical hydraulic gradient for seepage stability is I. = 1 = I; then the
embedded depth of supporting structure should be:

Sy > he (3.24)

For the three-dimensional seepage calculation, it can be modified by the planar
calculation results.
For the circular foundation pit,

1

= 0.8Kh——— 3.25

9=08kh T (3:25)

he = 1.3h = (3.26)
& +&

where g is the seepage flux over unit length sheet pile, m*/day. Thus the total
seepage flux in circular foundation pit is Q = 2nRq, where R is the radius of the
foundation pit.

For square foundation pit,

= 0.75Kh 3.27
1 G+& (3-27)
B = 13h—22 (3.28)
O+ G .
K= 1.7h = (3.29)
&+ &

where ¢ is the seepage flux over unit length sheet pile, m*/day. Thus the total
seepage flux in circular foundation pit is Q = 8lg (m>/day), where [ is the half
length of the foundation pit side. hf. and hj: are the water head of center point and
corner point of a foundation pit side, respectively.

Calculation value indicates the water head has highest value in the corner point.
Thus the seepage instability can easily happen in the corner point. Hereby the
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embedded depth should be designed deeper in the corner than in the center
positions.

As for the foundation pit in other geometries, such as triangular foundation pit,
the water head in the corner point of short side can be calculated the same as square
foundation pit, while for the head water in the center point of longer side, when the
length—width ratio is close to or over 2, it can be calculated by planar seepage,
without modification; As for polygon foundation pit, it can be equivalent to a
circular foundation pit for the calculation.

3.7.2 The Stability of Slope Under Seepage Condition

During the excavation without well dewatering, seepage flow exists in the slope
surface. The dynamic hydraulic action brings in adverse influence for the slope
stability. Figure 3.32 describes the circumstance of seepage curve flowing through
the slope surface. The groundwater flows downward to generate a hydrodynamic
force, promoting the soil to slide down. The hydrodynamic force can be calculated
by flow net analysis. In practice, it can be simply determined by mean hydraulic
gradient.

In Fig. 3.32, point A and B are the intersection points of seepage line and sliding
surface. Hence the mean hydraulic gradient is the slope of line AB. Hereby the total
hydrodynamic force T of the sliding soil above the seepage line is:

T =7, A, (3.30)

where 7, is the water unit weight, KN/m?; I is the horizontal hydraulic gradient over
the applying area; H is the water head difference between point A and B, m; L is the
horizontal distance between point A and B, m; A is the sliding area of the soil above
the seepage line, m?.

The seepage force T is conducted on the soil downward, resulting in a sliding
moment of T « e, where e is the distance of seepage force to the sliding center O.
The point of action T can be assumed in the centroid of area A; and the direction is

Fig. 3.32 The influence of O
seepage on stability
C
R Seepage
ay) line
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parallel to line AB. Thus the stability calculation formula can be modified as
Eq. (3.31).

F, = Mslidefresislanl/(Mslide + Te) (331)

where M;geresistant 18 the slide-resistant moment; M4 is the slide moment; Te is
the seepage-slide moment.

3.8 Piping and Soil Displacement in Foundation Pit
Bottom

The water exists between two stable aquitards bearing static water pressure is called
the confined pressure water. It is formed closely related to the geological devel-
opment and plays an important role in the underground environmental geological
problems.

3.8.1 Piping in the Foundation Pit

When confined water layer exists under the foundation pit, excavation decreases the
thickness of overlying aquitard to some extent; the water head of confined water
may break or destroy the pit bottom and results in piping. There are several different
piping behaviors as below:

(1) Cracking of pit bottom; mesh or branch fissures occur and water pouring out
with fine particles.

(2) Quicksand in the pit bottom; slope instability and the entire foundation sus-
pending flow.

(3) Boiling sands; water accumulates in the pit and disturbs the foundation.

Some conditions inducing the occurrence of piping in foundation pit during
excavation are presented in Fig. 3.33. From the equilibrium condition of aquitard

Fig. 3.33 The minimum
aquitard thickness beneath the
foundation pit
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thickness beneath the pit bottom during excavation and the confined water pressure,
there is some requirement on the minimum thickness H.

Yw
H = ? -h (3.32)
When
H>™.p (3.33)
4 '
piping can hardly happen;
When
H<™ . p (3.34)
Y '

piping may happen, where H is the thickness of aquitard beneath the pit bottom
after excavation, m; ' is the effective (buoyant) unit weight of relevant soil, kN/m3;
Yw 1S the unit weight of water, kN/m3; h is the water head difference between
confined water pressure and the elevation of aquitard baseline, m.

When H < ’y—",’ - h, measurement should be taken to avoid piping. Relief well is a

good way to decrease the confined water head of the foundation pit bottom. During
the dewatering process of relief well, the pore-water pressure in the soil should be
monitored in real time. Shown as Fig. 3.34, the pore-water pressure of point C at
the roof of the confined aquifer should be smaller than 70 % of the total stress.
When the excavation surface is very narrow, this condition can be marginally
flexible, since the shear strength of soil has some resistance to the bottom heave.

Fig. 3.34 The confined water Piezometer
pressure circumstance in A B

foundation pit excavation W_
Clay 7 7/_2

Aquifer

J Impervious fillings Aquitard
Aquifer

Clay or bedrock
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3.8.2 Soil Displacement

When the open caisson sinks close to the design depth, the thickness of the aquitard
beneath is not large enough; it is probable cracked by the confined water pressure in
the underlying sand layers (Fig. 3.35). The consequence is that large amount of
sand boils rush into the caisson; the caisson sinks suddenly and substantial
large-area ground subsidence occurs surrounding the caisson. When the caisson
sinks undrained; and the water depth in the caisson is not enough; the plain concrete
in the bottom is insufficient to balance the confined water pressure beneath; it can
also induce the bottom floor of the caisson is cracked and punched by confined
water pressure. The reason of the above problem is mainly contributed by the lack
of enough borehole geological information. The engineering geological and
hydrological conditions within the areas in 1.3 times of excavation depth are not
well known before excavation. The stability of the finite-thickness aquitard over-
lying the confined water layer (Fig. 3.36) can be determined by following formula,
by assuming the confined water head is stable at the elevation of +0.00.

c-u-(mH)+F-y,-(mH)>F -7, Hy

displacement induced by

confined water pressure in the
pit bottom E /:
/

\\ / Aquitard /

Fig. 3.35 The soil ‘ Caisson

P+ Confined water pressure

Fig. 3.36 The open caisson Groundwater table +0.00
above a certain thickness of

aquitard / /
/%
Clay aquitard

e e

GL=WL

HN
AN

m-H

Confined water layer
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Since the tension resistance of soil material is really poor, herein the cohesive
effect ¢ is ignored; the equilibrium condition can be simplified.

F'Vs'(mH)ZF'VW'HW
Vs (mH) >y, - Hy

Because, Hy, = H+mH = H(1 +m),
thus

Vs - (mH) 29y - H - (14m) (3.35)

From Eq. (3.35), we can get m by Eq. (3.36):

Yw
Vs — Yw

m> (3.36)

where F is the bottom area of open caisson, m?; 7% is the unit weight of the below
aquitard layer, kN/m?; u is the perimeter of inner wall of cutting edge, m; Vw 18 the
unit weight of water, KN/m?>; H, is the confined water head of the underlying sand
layer below the aquitard, m; H is the depth of the open caisson, m.

If y, = 10kN/m?, y, = 18 KN/m?, the equilibrium condition could not be
broken when Eq. (3.36) can be achieved.

10

>
M=18-10

=1.25

3.8.3 The Foundation Pit Bottom Stability Encountering
Confined Water Pressure

If the thickness of the aquitard layer is not enough beneath the pit bottom, and at the
same time, the overlying soil weight could not balance the underlying confined
water pressure, the pit bottom may heave and failure can occur. Shown as Fig. 3.37,

Confined water table

i Bottom heave
S | R

[
NARARERE

Confined water layer

Fig. 3.37 The pit bottom heave induced by confined water pressure
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Fig. 3.38 Deep well dewatering

when designing the underground diaphragm wall before construction, the confined
water pressure circumstance should be checked; and the stability analysis of the
bottom heave can be examined as follows.

Firstly the balance of overlying soil weight and the underlying confined water
pressure should be considered. The safety coefficient can be chosen as 1.1-1.3.
When this condition could be met, the additional friction force of supporting
structure can also be taken into account for the balance, as for the small-scale
foundation pit with spatial effect or narrow strip pit. The friction coefficient can be
determined according to the specific project by experiments. The earth pressure
applied on the supporting structure can use the positive earth pressure for a safe
consideration. In addition, the safety factor is taken as 1.2. Hereby if the balance
still could not be satisfied, some measurements should be taken to prevent the
instability of foundation pit. There are usually two methods:

(1) Underground diaphragm wall to cut off the hydraulic connection of aquifer;
(2) Lowing the confined water pressure by deep well dewatering.

When the thickness of clay layer beneath the pit bottom could not bear the
upward confined water pressure, deep well dewatering is usually used to decrease
the confined water head to ensure the stability of the pit bottom (Fig. 3.38). Under
this circumstance, the stability condition is:

Jw h<M-y (3.37)

where M is the thickness of clay layer beneath the pit bottom, m; 7 is the unit weight
of clay layer beneath the pit bottom, kN/m?; y,, is the unit weight of water, kN/m?>;
h is the confined water head after dewatering, m.
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3.8.4 The Measurements of Foundation Pit Piping

3.8.4.1 Range of Reinforcement

When the foundation pit encounters piping problems and the dewatering could not
be easily used, the soil improvement can be utilized. After the deep geological
survey and the calculation analysis on surrounding soil displacement, some rational
reinforcement can be pre-conducted on the weak places as for the foundation pit.
The required locations and range should be within the following conditions:

1. The clay layer with high thixotropic and rheological properties and the liquid
index over 1.

2. Confined aquifer exists below the pit bottom and has large potential to crack the
aquitard beneath the pit bottom.

3. Transitional layer of clay aquitard interbedded with confined aquifer exists
between the confined aquifer and the pit bottom.

4. Some special external deviator loading conditions on foundation pit:

(1) Great difference between the surrounding pit surface and groundwater level;
(2) Some loose soil or cavity exists outside the retaining wall;

(3) High surcharge loading outside the retaining wall in foundation facade;
(4) The soil hardness varies a lot from inside to outside of the foundation pit;
(5) Addition pressure arise due to the adjacent site piling or grouting.

5. Abundant sandy layer with large thickness or water storage body such as
abandoned basement pipelines exists.

6. Abundant groundwater with great flow motive connectivity to gravel layer or
old building waste layer exists.

7. Some settlement-sensitive construction facilities such as high-rise tower, flam-
mable pipes, underground railway and tunnel exist around the outside of
foundation pit.

As for the above adverse circumstances, specific engineering geological and
hydrological and the construction conditions should be considered in detail to
predict the soil displacement surrounding the foundation pit. After the carefully
optimized structure designation of retaining wall, supporting system and excavation
technology, if the surrounding soil displacement is still over the allowable defor-
mation amount, some rational soil reinforcement should be considered at some
weak stability locations. For the place where the failure potential is really high, the
safety factor should be increased accordingly. And grouting in real-time tracking
during the excavation can be used to reliably control the differential settlement of
protected objects. As for the place where piping and soil erosion may happen, some
reliable soil improvement is much more important. The reinforcement place,
location, range, and the properties indices after reinforcement should be calculated
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specifically. Some requirement to check the reinforcement effects needs to be
proposed. The reinforcement methods can take the following representative method
as reference.

3.8.4.2 Pit Bottom Soil Improvement to Resist the Confined Water
Pressure

Piping or bottom heave is the most dangerous problem in foundation pit excavation.
When the pit bottom foundation soil could not balance the underlying confined
water pressure, some reliable soil improvement should be taken. There are usually
three traditional methods as below:

(1) Chemical grouting or high pressure triple jet grouting method. Before
excavation, the bottom of underground diaphragm wall is sealed by grouting and
connects to the reinforced aquitard layer as a whole mass body to get higher the
weight of the overlying soil above the pit bottom. Then it can well balance the
underlying confined water pressure (Figs. 3.39 and 3.40). The calculation is seen as
Eq. (3.39):

where & is the height between the pit bottom to the reinforced soil baseline; y,, is
the mean unit weight above the reinforced soil baseline; Hy,, is the confined water
pressure.

In the Phase I project of Shanghai combined sewage treatment, the strip deep
foundation of Peng-yue-pu Pumping Station is adjacent to some multistory resi-
dents’ buildings. The total length is 160 m; width is 5.8 m and depth is 15 m. The
clay aquitard beneath the pit bottom is only 5 m. It could not bear the underlying 16

t/m*confined water pressure. Then the above recommended method was utilized
and the project was completed safely. The excavation in foundation pit of subway

Fig. 3.39 Soil reinforced by
jet grouting to resist the
confined water pressure Confined water table
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Fig. 3.40 Soil reinforced by chemical grouting to resist the confined water pressure

tunnel in Rotterdam, Netherlands was also applied this method to solve the confined
water pressure problem.

(2) Deep well dewatering is conducted inside or outside the foundation pit, and
at the same time, recharging is also applied in soil layers of adjacent buildings to
control the surrounding settlement. When the foundation pit locates at some open
area, recharging is no need (Fig. 3.41).

(3) Sealing curtain is deployed outside the foundation pit. In the loose sand,
gravel or high permeability layers under groundwater level, some sealing curtain
should be made by mixing piles, jet grouting piles, cement or chemical grouting
piles, around the sheet pile retaining wall or outside the poor-sealing wall, to
prevent soil erosion and piping at the bottom edge of retaining wall. The imbedded
depth of the sealing curtain should meet the requirement of resisting piping
(Fig. 3.42).

(4) Pre-consolidation method by dewatering inside the pit. In the high-density
urban building area, some dewatering measurements can be taken in the sandy soil

Initial groundwater table (=)

7%

%

Recharding well

—
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. .
“Dewatering
+  curve

7 T+ H L U

Py ' Dewatering well

Confined water layer

Fig. 3.41 Stabilizing the pit bottom by well dewatering
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Fig. 3.42 The sealing curtain of retaining wall in foundation pit

or soft clay imbedded with thin sandy layer inside the foundation pit with good
sealing curtain wall. Rational wellpoints’ arrangement can drain the water in the
soils between ground surface and some depth below pit bottom. The pre-dewatering
before the pit excavation, can facilitate the soil drainage and consolidation to easy
excavation, most importantly resulting in the increase of strength and stiffness, and
also decreasing the rheology, to meet the stability and deformation requirement.
The time of pre-consolidation is determined by the dewatering depth and the per-
meability of soils. In the sand imbedded muddy layer of Shanghai, the horizontal
coefficient of permeability is about 10™* cm/s. The vertical is smaller than 107°
cm/s. When the dewatering depth is 17-18 m in this layer; and the excavation

(@ m— —O
S v T R
= |
Initial T
groundwater )
table Designed bottom depth %F
Bottom dewatering depth|| [Q
b
Q
Dewatering curve
during excavation L]

Fig. 3.43 The pre-consolidation by dewatering in foundation pit
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duration is 30 d; the pre-consolidation time should be larger than 28 d. In practice, it
indicates that the strength of the sand imbedded soft clay layer is augmented by
30 % through the dewatering consolidation. It works more effectively in sandy
soils. For better reinforcement effects, the dewatering depth should be checked and
rationally determined (Fig. 3.43).

3.9 Exercises

Which are the adverse effects of groundwater?

What conditions may induce suffosion? How to prevent it?

What conditions may induce piping? How to prevent it?

What conditions may induce quicksand? How to prevent it?

What is the sand liquefaction? What factors may influence it? How to prevent it?
What is the mechanism of pore-water pressure influencing on soil strength?
What properties of instantaneous stability and long-term stability for saturated
clay foundation pit?

How groundwater seepage influences the stability of foundation pit or slope?
9. What are the behaviors of piping in foundation pit? How to prevent it?

N Uk WL

*



Chapter 4
Construction Drainage

4.1 Summary

In the process called open pumping, water can be allowed to flow into the exca-
vation as it is advanced. The water is collected in ditches and sumps and pumped
away. Open pumping from sumps and ditches is usually the least expensive method
from the standpoint of direct dewatering cost. Under favorable conditions, it is a
satisfactory procedure. But if conditions are not conducive, attempts to handle the
water by open pumping can result in delays, cost overruns, and occasionally
catastrophic failure. The key is to identify those conditions that are or are not
favorable for open pumping, and to recognize which conditions predominate in a
given job situation. Generally, the main sump is placed in the middle of the
excavation, with the result that the entire subgrade was turned into a quagmire
because the water had to travel across subgrade to enter the sump. The condition is
exacerbated by the presence of stratified or fine-grained soils at or near excavation
subgrade that inhibit vertical drainage. This method suits in dense sands, coarse
sands, graded sands, hard fissured rock and clay with surface runoff drainage. But in
loose sand, soft soil or rock, problems of slope stability and boiling of the bottom
must be anticipated. Tables 4.1 and 4.2 tabulate the conditions that, in authors’
experience, may affect whether open pumping is viable on a given project.
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Table 4.1 Conditions favorable to open pumping

Condition

Explanation

Soil characteristics

Dense, well-graded granular soils, especially
those with some degree of cementation or
cohesive binder

Such soils are low in hydraulic conductivity
and seepage is likely to be how to moderate
in volume. Slopes can bleed reasonable
quantities of water without becoming
unstable. Lateral seepage and boils in the
bottom of an excavation will often clear in a
short time, avoiding the transport of excessive
fines from soils so that foundation properties
are not impaired

Stiff clay with no more than a few lenses of
sand, which are not connected to a significant
water source

Only small quantities of water can be
expected from the sand lenses, and it should
diminish quickly to a negligible value. No
water is expected from the clay

Hard fissured rock

If the rock is hard, even moderate-to-large
quantities of water can be controlled by open
pumping. As in typical quarry operations (for
soft rock and rock with blocked fissures, see
Table 4.2)

Hydraulic characteristics

Low to moderate dewatering head

Remote source of recharge

Low to moderate hydraulic conductivity

Minor storage depletion

These characteristics indicate that
groundwater seepage will be low, minimizing
problems with slope stability and subgrade
deterioration, and facilitating the construction
and maintenance of sumps and ditches

Excavation methods

Dragline, clamshell, and backhoe (if operated
from ground surface or elevated bench above
excavation subgrade)

These methods do not depend on traction
within the excavation, and the unavoidable
temporarily wet condition due to open
pumping does not hamper progress

Excavation support

Relatively flat slopes

Flat slopes, appropriate to the soils involved,
can support moderate seepage without
becoming unstable

Steel sheeting, slurry diaphragm walls or
other cutoff structures

These methods cut off lateral flow, and
assuming there are no problems at the
subgrade, open pumping is satisfactory

Miscellaneous

Open, unobstructed site

If there are no existing structures nearby, so
that minor slides are only a nuisance, some
degree of risk can be taken

Large excavation

In a large excavation the time necessary to
move the earth is sometimes such that the
slow process of lowing water with sumps and
ditches does not seriously affect the schedule

(continued)
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Table 4.1 (continued)
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Condition

Explanation

Light foundation loads

When the structure being built puts little or no
load on the foundation soils (for example, a
sewage pump station) slight disturbance of
the subsoil may not be harmful

Table 4.2 Conditions unfavorable to open pumping (predrainage or cutoff usually advisable)

Condition

| Explanation

Soil characteristics

Loose, uniform granular soils without plastic
fines

Suck soils have moderate-to-high hydraulic
conductivity and are very sensitive to seepage
pressure. Slope instability and loss of strength
at subgrade are likely when open pumping

Cohesive less silts, and soft clays or cohesive
silts with moisture contents near or above the
liquid limit

Such soils are inherently unstable. And slight
seepage pressures in permeable lenses can
trigger massive slides

Soft rock; rock with large fissures filled with
granular soft soils, erodible materials or
soluble precipitates, sandstone with
uncemented sand layers

If substantial quantities of water are open
pumped, soft rock may erode. Soft materials
in the fissures of hard rock may be leached
out. Uncemented sand layers can wash away.
The quantity of water may progressively
increase, and massive blocks of rock may
shift

Hydrology characteristics

Moderate to high dewatering head

Proximate source of recharge

Moderate to high hydraulic conductivity

These characteristics indicate the potential for
high water quantities. Even well-graded
gravels can become quick if the seepage
gradient is high enough. Problems with
construction and maintenance of ditches and
sumps are aggravated

Large quantities of storage water

If the aquifer to be dewatered is high in
hydraulic conductivity and porosity, large
quantities of water from aquifer storage must
be expected during the early phase of
lowering the water table. This higher flow can
greatly aggravate problems with open
pumping. With predrainage, pumping can be
started some weeks or months before
excavation, the pumping rate will decrease
and the problem can be mitigated

Artesian pressure below subgrade

Open pumping cannot cope with pressure
from below subgrade since, if water reaches
the excavation, damage from heave or piping
has already occurred. Predrainage with relief
well is advisable

(continued)
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Table 4.2 (continued)

Condition Explanation

Excavation methods

Scrapers, loaders and trucks These methods require good traction for
efficient operation. Unavoidable temporarily
wet conditions due to open pumping can
seriously hamper progress. If horizontal
drains and sumps can be prepared well in
advance with drainage or backhoe, mass
excavation with scrapers may be feasible

Excavation support

Steep slopes Steep slopes are sensitive to erosion and
sloughing from seepage, and can also suffer
rotary slides unless the water table is lowered
sufficiently in advance of excavation

Soldier beams and lagging Excavating a vertical face to place lagging
boards is costly and sometimes dangerous
under lateral flow conditions

Miscellaneous

Adjacent structures When existing structures would be
endangered by slides or loss of fines from the
slopes, open pumping cannot be tolerated

Small excavation In small excavation, delays due to open
pumping can seriously delay the work

Heavy foundation loads When the structure being built bears heavily
on the subsoils, even minor disturbance must
be avoided

Excavating to clay or rock subgrade Conditions will improve with extended

pumping time. Extra pumping time is usually
not available when open pumping

4.2 Open Pumping Methods

4.2.1 Open Ditches and Sump Pumps

4.2.1.1 Stage Excavation Drainage

Shown as Fig. 4.1, the final sump must be deep enough so that when it is pumped
out the entire excavation will be drained. This is an obvious point but surprisingly it
is often violated. Digging the sump down that extra several feet, or meters, is
difficult and sometimes risky; there is a tendency to give up too soon. If necessary, a
temporary sump at a shallower level should be constructed and pumped long
enough to improve conditions so that the final sump can be safely constructed to the
proper depth. Generally, the ditches are stratified dug at one/two sides or in the
middle of foundation pit. And the sumps are placed at each 20.00-30.00 m distance
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. A .
7 Depressed groundwater table

Ditches

Fig. 4.1 Stage excavation drainage

for the water to be collected and pumped out. The depth of ditches and sumps can
be deepened as the excavation advances. The bottom of ditches should be always
kept 0.30-0.60 m lower than the pit bottom elevation. Usually in small excavations,
depth of ditches can be 0.30-0.6 m with the width of 0.40 m and slope ratio of 1:1—
1:1.5. And small slope of 0.2-0.5 % can be set in the ditches bottom for the
drainage. The sectional area of sumps should be 0.60 x 0.60-0.80 x 0.80 m. And
the bottom elevation should be kept 0.40-1.00 m lower than the ditches. The sump
walls can be reinforced by bamboo cages and wood plates. The pumping should be
continuously conducted until the backfill is completed.

4.2.1.2 Double Well-Point Drainage

Shown as in Fig. 4.2, the cement concrete pipes with diameter around 80-100 cm
are driven into the earth section by section. The water table outside or in the bottom
of foundation pit is lowered by a centrifugal pump. Usually, single well is sufficient
for construction requirement. Double system is just for the very deep drawdown.

Fig. 4.2 Double well-point Initial groundwater table
drainage
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The last section of the well is the filter, which is drilled as quincunx holes in 15—
20 cm space for better inflowing of water. The diameter of the quincunx hole is set
large out and small in, which is filled by sackcloth. Sand filter material is employed
in the filter to block the soil particle flowing through with water.

4.2.1.3 Main Central Sump Pumps

Shown as Fig. 4.3, in the condition that there are no sheet piles surrounding, or
slope excavation and no drilled-in supporting, could not meet the construction
requirement; some failures would happen, such as slope collapse. Thus, a main
seepage well is established for the sump-pump system in the center of foundation
pit. This system can be set during the whole construction period. Until the foun-
dation is completed, it is sealed to prevent water seepage.

4.2.1.4 Range of Application

The above three methods are generally applicable for the water drainage in the
common foundation, medium area group foundations, or building foundation pit.
Easily constructed, simple equipments, low costs, they are mostly used.

4.2.2 Multilayer Open Pumping from Ditches and Sumps

4.2.2.1 Method

Shown as Fig. 4.4, along the slope of foundation pit, 2—-3 ditches and sumps system
is set to collect the groundwater and to block the water out of excavation area. The
distribution and specific sizes of ditches and sumps are almost the same with those
in the above common ditches and sumps. It should be paid attentions that to prevent
the water in the upper ditches flowing down to the lower ditches. If so it is probable
that the slope of foundation pit may collapse by the water seepage.
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Fig. 4.4 Multilayer open Pumps
pumping from ditches and
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4.2.2.2 Range for Application

This method is used in the very deep foundation pit project, in which the initial
groundwater table is relatively high and multilayer permeable soils. Establishing
multilayer ditches and sumps can effectively prevent the slope collapse when the
groundwater in the upper layers scours the underlying layers. The single pumping
head and slope height can be shortened but the excavation area and earthwork
volume are both increased.

4.2.3 Deep Ditches Pumping

4.2.3.1 Method

In appropriate locations or upstream of groundwater in the construction site, a lon-
gitudinal deep ditch is dug as a main collector, in which the groundwater flows away or
is pumped out (Fig. 4.5). Sub-ditches are connected to the main ditch and equipped all
round to induce the water directions. The main ditch should be deepest and the depth is
lower than the bottom of the foundation pit 1.00-2.00 m. Sub-ditches must be set to be
shallower than the main ditch by 0.50-0.70 m. At the locations through the founda-
tion, blind ditches should be set by gravels and sands. Before foundation pit back-
filling, they are blocked by clays to prevent the groundwater flowing in the ditches to
cause the failure of the subgrade. The deep ditches can also be set in the permanent
drainage places in or surrounding the buildings.

4.2.3.2 Range for Application

This method is suitable for dewatering of large-area deep basement, caisson
foundation, and group foundations.
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Fig. 4.5 Deep ditches pumping

4.2.4 Combined Pumping

4.2.4.1 Method (Fig. 4.6)

Based on deep ditches pumping, combined the multilayer ditches and sumps
pumping, or light well-point dewatering in the upper soil layers, this combined
pumping method is employed to drain large amount of underground water.

Fig. 4.6 Combined pumping
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4.2.4.2 Range for Application

This method is used in the very uniform soil condition and deep foundation pit, or
large amount of water discharge in large-area foundation excavation. The effec-
tiveness is very good by this method but the cost is relatively high.

4.2.5 Dewatering by Infrastructure

4.2.5.1 Method (Fig. 4.7)

In this method, the deep foundation of the plant is constructed firstly, which is set to
be the total water collecting site; or the surrounding drainage and sewer system is
built previously, so that open sump pumps or blind seepage ditches are established
in one/two sides along the foundation pit to induce the water into the main drainage
and sewer system.

4.2.5.2 Range for Application

It is specially employed in group foundation dewatering of the large scale infras-
tructure construction (such as underground garage, oil depot).

4.2.6 Open Pumping in Sheet Pile Supporting System

Shown as Fig. 4.8, when sheet piles are constructed for the support of foundation
pit excavation, small scale side ditches are set in the foundation pit edge beside the
sheet piles, which is also called collecting ditches. Groundwater flows into the
ditches and is pumped away immediately. Gravels and sands are filled in the ditches
as filter. The depth of the ditch depends on the water amount. Generally, it is 0.60—
1.00 m. Sometimes it can be set outside the foundation pit just beside the outer edge
for convenient manipulation.

Fig. 4.7 Dewatering by Previously constructed infrastructure

infrastructure Initial groundwater table
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Fig. 4.8 Open pumping in Initial groundwater table
sheet pile supporting system |
iR

4.3 Calculation on Open Pumping Amount

4.3.1 Formulas

In industrial and civil engineering construction, very high groundwater table is
usually encountered, which is much adverse to the excavation of foundation pit.
Thus it is necessary to take some dewatering measures to depress the groundwater
table. The dewatering mode and size can be hardly unified. Generally, some sim-
plification is employed to estimate the rate of groundwater flow.

4.3.1.1 Long and Narrow Foundation Pit

Long and narrow foundation pit is defined as the ratio of foundation pit length B to
the width C is larger than 10:

B
— >10 4.1
- @.1)
When groundwater flows into a long and narrow foundation pit, it can be
regarded that the groundwater laterally infiltrates in from two sides. According to
Dupuit’s equation:
Unconfined aquifer:

H} — H?
Q=KB-2 % (4.2)
R

More specifically, the flow rate of groundwater in two ends along width should
be considered. So the calculation mode is divided into two parts (Fig. 4.9). The
lateral flow rate can be estimated just by Eq. (4.2). As for the two ends, each can be
approximate as a half of well with radius of C/2, which is sum up as an entire
dewatering well. Thus,



4.3 Calculation on Open Pumping Amount 175

(@) Initial ground/water table ®) \\\\\\\¥//é///

=== e = k*%A‘j i Flow lines

Depressed/ R s 5
groundwater N i . B
table .. v
Impermeable base f
R C

N

Fig. 49 Long and narrow foundation pit. a Cross sectional profile. b Plane view
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Confined aquifer:

Ho—Hy | 21K - M(Ho — Hy)

= 2KBM
Q R

- (4.4)
InR—In~
n 1'12

where C is the width of the foundation pit, m; B is the length of the foundation pit,
m; Q it the flow rate, m>/d; K is the hydraulic conductivity, m/d; Hy is the initial
groundwater table, m; H,, is the water table in the well, m; R is influence radius, m;
M is the thickness of confined aquifer, m.

When the lateral recharge conditions in two ends of the foundation pit are
different, the calculations should be correspondingly various. Then the total flow
rate must be summation of the two parts, i.e., Q = Q1 + Q». This circumstance
mostly occurs in unconfined aquifer, shown as Fig. 4.10.

Unconfined aquifer:

H2 _ HZ

Q) = 1(13‘2.7llw1 (4.5)
H? — H?

0, = KB—2——2 (4.6)

2-D



176 4 Construction Drainage

Initial groundwater table

V755 7T P :
A 3N : »."Depressed m“
< N . 7= - groundwater
i 1 1. table
A 15 fmperme 6E base

Fig. 4.10 Different lateral recharge boundaries to the foundation pit

where [, [, are the distances from the recharge boundaries to the foundation pit, m;
H,, and H,, are the water tables on the lateral walls of the foundation pit. Others
are same as previous equations.

In the case of two paralleling fully drainage channels (Fig. 4.11), the calculation
can be considered as the combination of Channel I and Channel II.

Channel I:

H? — H?
O = KBlTIW (4.7)
Channel II:
H? — H?
On = KBZTZW (4.8)

where B is the length of the foundation pit. Hy, is much smaller than the thickness of
aquifer, then it can be neglected, so the calculation can be largely simplified.

B
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< 49)

Initial groundwater table

I I [R7R7R7R7R7E7%
s L Lo e o
I~ Depressed ERE R I
DN groundwater L -
o < table 4 =
RN — .
A Impermeable base b

Fig. 4.11 Two paralleling fully penetrated drainage channels
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Table 4.3 The value of # cB |0 02 0.4 0.6 0.8 1.0
n 1.0 1.12 1.16 1.18 1.18 1.18

The flow rate can be estimated as large well method regardless of the shape is
rectangle, square, or some others. The reference radius of the hypothesized large
well can be calculated as follows.

In the case of square foundation pit, it is

C+B
0 -z

i (4.10)

where the value of # can be selected from Table 4.3 based on the ratio of width over
length of the foundation pit.
In the case of irregular shape foundation pit, the reference radius can be esti-

mated by Eq. (4.11).
\/F
Ro=4/—
n

where F is the area of the foundation pit, m?; R, is the reference radius in the
calculation of large well method, m.

(4.11)

4.3.1.2 The Fully Penetrated Large Well Method in Horizontal
Impermeable Base

In the case of the foundation pit fully penetrating an unconfined aquifer, shown as
Fig. 4.12a, the calculation formula is as follows as Eq. (4.12).

- K(H; — H3)

R+ Ry

n—
Ry

0= (4.12)

1

In the case of the foundation pit fully penetrating a confined aquifer, shown as
Fig. 4.12b, the dewatering of groundwater must depress the water table down into
the confined aquifer. The groundwater farer than the distance of a is the confined

(@) (b)
Depressed groundwater t‘Lble Initial groundwater table Depressed groundwater taﬁle Initial groundwater table

Upper confining bed

'
'
'

7

fmpermeaﬁfa base =R, R

Impermeable base__~—~¢
’—Rn

Fig. 4.12 A foundation pit fully penetrating an aquifer. a Unconfined aquifer, b Confined aquifer
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groundwater, while it is the free-surface flow within the range of a. According to
the principle of continuity, under the condition of steady flow, it has the relationship

of Qunconﬁned = Qconﬁned-

n-K(M? — H?
Qunconfined - ¥ (413)
In—
Ry
2n-K -M(Hy — M)
Qconfined - R+R() (414)
In——
a
In conjunction with Eq. (4.13) and (4.14), eliminating Ina, it has:
_ - K(2MH, — M* — HY)
0= RTR, (4.15)
In
Ro

Assuming H,, = 0, s = Hy when dewatering for the foundation pit, the flow rate
can be deduced as Eq. (4.16).

- K-M(2s— M)
Q= R+Ry
Ry

(4.16)
In

where s is the groundwater drawdown, m; others in the equation are the same as
above.

In the case of the foundation pit partially penetrating the unconfined aquifer,
shown as Fig. 4.13a, the flow rate per unit width can be estimated as Eq. (4.17).

(a) (b)

Initial groundwater table ' Depressed groundwater table  Initial groundwater table Depressed groundwater table
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Fig. 4.13 A foundation pit partially penetrating an aquifer. a Unconfined aquifer, b Confined
aquifer
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N n-K-s? N 2nKsRy
9=% T~ "RIR R R,. R+ R
In R E—|-2arcsh—0—|—0.515—01n +Xo
Ry 2 T++\/T>*+R3 T AT
(4.17)

where ¢, is the flow rate per unit width from lateral seepage of the foundation pit,
m?/d; g is the flow rate per unit width from the foundation pit bottom, m2d; T'is the
thickness from the impermeable base to the bottom of foundation pit, m; arcsh is the
inverse hyperbolic cosine function.

So the entire flow rate of the foundation pit in this circumstance is:

Q=q-B=B(q,+q) (4.18)

where B is the width of the foundation pit, m.

In the case of the foundation pit partially penetrating the confined aquifer, shown
as Fig. 4.13b, the foundation pit bottom just penetrates the upper confining bed, it
has

2nKsR
0= (4.19)
R R, RIR
0 40,5150 p 2 Ko
M am

2 M+ /M?+R}

4.3.2 Empirical Method

If the project scale is not large, under the moderate groundwater head, an empirical
method of unit area seepage amount can be employed. Table 4.4 provides the
empirical values of seepage amount under different conditions.

Table 4.4 Seepage amount on unit area in foundation pit

Soil Seepage amount per area (m>/d) | Soil Seepage amount per area (m>/d)
condition condition

Fine sands |0.16 Coarse sands | 0.30-3.0

Medium 0.24 Fissured 0.15-0.25

sands rock

Note 1. If the construction is in the cofferdam, the seepage from the cofferdam should be taken into
consideration. Specifically, the value in the table should be multiplied by a factor of 1.1-1.3

2. The number of pumps should be consider a certain safe factor based on the estimation value in
this table
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Table 4.5 The section of the drainage ditch

Graphical schematic Area of foundation | Section | Silt clay Clay

DY)
pit (m?) symbol Depth beneath groundwater level (m)
4 |48 |8-12 |4 |4-8 |8-12

1.0 |15 |15 06 0.8 |10
04 (04 |05 03 (03 |04

o 030-035m | <1000 a 05 (07 |09 |04 |05 |06
b 05 (07 |09 |04 |05 |06
c 03 /03 |03 02 (03 |03
= 5000-10,000 a 08 |10 |12 |05 |07 |09
R b 08 (1.0 |1.2 |05 |07 |09
c 03 (04 |04 |03 |03 |03
>10,000 a 1.0 |12 |15 0.6 (0.8 |1.0
b
c

4.4 The Common Section of the Ditches in Foundation Pit

The section of the drainage ditch is generally as Table 4.5.

4.5 The Calculation of the Power of Pumps
in Requirement

The power in requirement can be calculated by Eq. (4.20).

K,-Q-H
N KO H (4.20)
102 -1y -1y

where H is the total water head, including pumping head, suction head, and head
loss generated by various resistance; K is the safe factor, generally K = 2; 5, is the
pump efficiency, 0.4-0.5; 5, is the dynamic mechanical efficiency, 0.75-0.85.

To ensure the successful construction, there are always emergency pumps in
preparation in case of the accident mechanical failure.

4.6 The Performance of Common Pumps

The performance of common pumps is presented in Table 4.6.
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Table 4.6 Performance of general pumps

Type Flow rate Total Suction Motor Weight (kg)
B BA (m*/h) pumping head (m) | power B BA
head (m) (kW)
1.5B17 1.5BA-6 | 6-14 20.3-14.0 6.6-6.0 1.7 17 30
2B31 2BA-6 10-30 34.5-24.0 8.7-5.7 45 37 35
2B19 2BA-9 11-25 34.5-24.0 8.0-6.0 2.8 19 36
3B33 3BA-9 30-5 35.5-28.8 7.0-3.0 7.0 40 50
3B19 3BA-13 32.4-522 | 21.5-15.6 6.5-5.0 4.5 23 41
4B20 4BA-18 65-110 22.6-17.1 5 10.0 51.6 |50

Note 2B19 represents the inlet diameter is 2 in. (50 mm); the total pumping head is 19 m by a
single pump

4.7 Case Study

Calculate the hydraulic parameter of aquifer by sensitivity analysis method

1. Compile the sensitivity analysis method program by any available software,
adding instruction by block diagram;

2. Use pumping test data to calculate the parameter of aquifer by the above
designed program. The pumping test data is shown in the following table.

Pumping test data

Radius of pumping 20 Discharge 2592
well r (mm) 0 (m’/d)
Time ¢ (min) Drawdown Time Drawdown Time Drawdown
s (m) t (min) s (m) ¢t (min) s (m)
1 0.160 300 0.566 930 0.617
2 0.228 330 0.569 960 0.617
3 0.285 360 0.575 990 0.619
4 0.293 390 0.580 1020 0.622
6 0.321 420 0.583 1050 0.624
8 0.341 450 0.585 1080 0.626
10 0.370 480 0.591 1110 0.627
15 0.387 510 0.595 1140 0.627
20 0.410 540 0.596 1170 0.625
25 0.422 570 0.597 1200 0.624
30 0.443 600 0.598 1230 0.625
40 0.454 630 0.598 1260 0.623
50 0.471 660 0.600 1290 0.624

(continued)
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(continued)

Radius of pumping 20 Discharge 2592

well r (mm) 0 (m*/d)

Time ¢ (min) Drawdown Time Drawdown Time Drawdown
s (m) t (min) s (m) t (min) s (m)

60 0.484 690 0.602 1320 0.624

90 0.515 720 0.603 1350 0.625

120 0.531 750 0.605 1380 0.625

150 0.541 780 0.608 1410 0.626

180 0.547 810 0.610 1440 0.629

210 0.556 840 0.610 1470 0.629

240 0.560 870 0.613 1500 0.631

270 0.563 900 0.615 1530 0.632

4.8 Exercises

1. What kinds of open pumping method are commonly used? What are application
conditions?
2. How to estimate the open pumping water discharge in foundation pit?



Chapter 5
Wellpoint Dewatering in Engineering
Groundwater

With the development of social economy, the improvement of modern industrial-
ization and urbanization, and the increase of population, the shortage of urban
ground space becomes more and more serious. To take full advantages of limited
land, it has been paid attention on the high-level space and underground space. In
recent years, the emergence of a large number of high-rise buildings, and under-
ground projects such as the subway, underground commercial street, underground
power plants, and pumping stations are well developed.

In the construction of high-rise buildings and underground projects, the deep
excavation accounts for a large percentage, which has became a preferred method in
construction. However, engineering accidents, which is caused by quicksand,
piping, the instability of the pit bottom, or the collapse of the pit wall, have
happened almost every year, resulting in inestimable casualties and loss in econ-
omy. Such accidents can be prevented by dewatering the groundwater table in
advance of excavation. The wellpoint system has been in general use in con-
struction dewatering, which has became the most versatile of pre-drainage methods,
being effective in all types of soils. Dewatering wells are set around the foundation
pit, deeper than the bottom. When dewatering begins, the water level goes down
and forms the cone of depression. The water table should be 0.50—1.00 m lower
than pit bottom to keep the soil dry during excavation.

Wellpoint dewatering technology has been developed over a hundred years of
history. In the early days, only some simple ditches and sumps were set during
excavation. Later, the filter wells appeared, and pump was used for water drainage.
Practice shows that when the effective diameter d; is less than 0.10 mm, the time
required for dewatering sharply increases; when the d;g is less than 0.05 mm, this
simple approach cannot achieve the purpose of dewatering. Later, it was found that
a certain vacuum degree around the tube can break through this limit, thus the
vacuum wellpoint, also known as light wellpoint, occurred in 1925-1930. Then in
1930s, electroosmosis wellpoint also had been used in dewatering. With the
increasing dewatering depth, the multistage wellpoint, ejector wellpoint, and deep
wellpoint have been developed.
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Table 5.1 Application for different types of wellpoint

Wellpoint types Hydraulic conductivity (m/day) Drawdown (m)
One-stage light wellpoint 0.10-80.00 3.00-6.00
Two-stage light wellpoint 0.10-80.00 6.00-9.00
Electroosmosis wellpoint <0.10 5.00-6.00
Tube wellpoint 20.00-200.00 3.00-5.00
Ejector wellpoint 0.10-50.00 8.00-20.00
Deep well pump point 10.00-80.00 >15.00

In the excavation and construction of deep foundation pit, dewatering with
wellpoints to reduce phreatic or confined underground water table has become a
necessary engineering measure. Wellpoint dewatering has a significant effect on
avoiding quicksand, piping, and pit bottom heave, keeping dry construction envi-
ronment, and improving soil strength and pit slope stability. Thus, in engineering
practices, it has been widely used.

Wellpoint dewatering in general includes light wellpoint, ejector wellpoint, tube
wellpoint, electroosmosis wellpoint, deep well pump, and so on. The soil perme-
ability, drawdown in requirement, equipment condition, and engineering charac-
teristics should be considered to make choice, shown in Table 5.1. Figure 5.1
visibly presents various dewatering methods for different types of soils.

In soft soil area, the most commonly used is light wellpoint, followed by the
ejector wellpoint. Electroosmosis wellpoint also has been used in some practical
projects.
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100 3 2 21428 346 10141620304050 70 140 200 Hydrometer 0
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Fig. 5.1 Different dewatering methods depending on grain size distribution (From Leonards
1962)
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Table 5.2 Soil permeability versus dewatering methods (Shanghai area) (From Si 1957)

Soil Permeability | Effective Dewatering Notes
types (m/day) diameter methods
(mm)
Clay 0.001 <0.003 Electroosmosis Usually with open
Silty 0.001-0.05 wellpoint drainage
clay
Clayey 0.05-0.10 Electroosmosis wellpoint
silt can be used in deep
foundation pit
Sandy 0.10-0.50 0.003-0.025 | Light wellpoint, In Shanghai area, these
silt ejector wellpoint | methods are mostly used
Silty 0.50-1.00 in those soil layers
sand
Fine 1.00-5.00 0.10-0.25 Common
sand wellpoint,
Medium | 5.00-20.00 | 0.25-0.50 ejector wellpoint
sand
Coarse 20.00-50.00 | 0.50-1.00
sand
Gravel >50.00 Multistage It sometimes needs
wellpoint, deep underwater excavation
well pump point

Field dewatering tests have been conducted in Shanghai area and the appropriate
dewatering methods for different kinds of soil have been summarized, shown in
Tables 5.2 and 5.3.

Table 5.3 Excavation depths versus dewatering methods (From Si 1957)

Excavation Soil types
depths (m) Silty clay, sandy Fine sand, Coarse Large gravel, coarse
silt, silty sand medium sand sand, pebbles (with sand)
Gravel
<5 Single-stage Single stage Wellpoint, open drainage,
wellpoint light dewatering with pump
wellpoint
5-12 Multistage Multistage
12-20 wellpoint, Ejector wellpoint
wellpoint Ejector
wellpoint
>20 Tube wellpoint, deep well pump point
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5.1 Light Wellpoint Dewatering

5.1.1 Range of Application

Light wellpoint is set around or along the side of the foundation pit. The wellpoint
pipes have small diameter and are penetrated into aquifers, which are deeper than
foundation bottom. The top of the wellpoints connects the header pipe, through
which the water is pumped out by vacuum, and then the water table can be
depressed until it is below the pit bottom. This method can be applied in the soil
layer with the hydraulic conductivity of 0.10-80.00 m/day, especially with large
amount of fine sand and silty sand. It can prevent quicksand; increase slope sta-
bility; make it convenient for construction, and reduce the earth pressure that act on
temporary supports.

Light wellpoint can be divided into two types: mechanical vacuum pump
wellpoint and water jet pump wellpoint. The main difference between these two
kinds of light wellpoints is the mechanism of the creation on vacuum.

5.1.2 Major Equipment

Light wellpoint system consists of wellpoint pipe, connection pipe, header pipe,
pump devices, and other components, as shown in Fig. 5.2.

Wellpoint
pumps

R
Bending o
~connection tubes Water pumped out
by discharge pipe to
settlement tank

\ T
\ Foundation pit'_/

-
Initial ) — T~ /\\
N~ ) . )
\§="" > Wellpoint 2T "\

groundwater ':
~ Depressed groundwater table

" table

N B

Filter

Fig. 5.2 Schematic of light wellpoint
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5.1.2.1 Wellpoint Pipe

The wellpoint pipe is a steel pipe with a diameter of 38—55 mm and a length of
5.00-7.00 m. A filter is installed at the lower end of the pipe, and its structure is
shown in Fig. 5.3. The filter has the same diameter with the pipe, and the length
commonly is 1.00-1.70 m. On the wall of filter, there are drilled holes with
12-18 mm diameter that are arranged in quincunxes. The filter wall is covered by
two filter screens. The inner one is fine-mesh brass wire gauze or raw silk gauze
with 30-50 holes per centimeter. The outer one is coarse-mesh iron wire fabric or
nylon wire fabric with 8—10 holes/cm. To avoid the filter pore blockage, iron wire is
twined around the filter inside the inner filter screen and a thick wire protection
mesh has also been set outside the outer filter screen. A cone-shaped cast iron head
is installed on the lower end of the filter. The upper end of the wellpoint pipe is
connected with the header pipe by connection pipe.

Fig. 5.3 Structure of the Wellpoint pipe
filter @/

Coarse iron-wire
! /" mesh net

Coarse filter screen

Fine filter screen

Twisted plastic pipes

Q
(\2 Holes on tube

X
@)
Steel tube
O g
O [, Cast iron head
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5.1.2.2 Connection Pipe and Header Pipe

The connection pipe is composed of rubber hose, plastic hyaline pipe, or steel pipe,
with a diameter of 38-55 mm. A valve should be installed for every connection
pipe to overhaul the pipe. The header pipe usually consists of several steel tubes,
each with a diameter of 100-127 mm and a length of 4.00 m. It is spaced by every
0.80-1.60 m to connect a wellpoint.

5.1.2.3 Dewatering Devices

The dewatering devices usually include one vacuum pump, two centrifugal pumps
(one for spare), and one gas—water separator. Their working principles are shown in
Fig. 5.4. The technical features of wellpoint system equipment are shown in
Tables 5.4 and 5.5.

The vacuum produced by a mechanical vacuum pump in the collecting tank
makes the groundwater get in through the filter, wellpoint pipe, header pipe, fil-
tration chamber, and other parts. The pressure is relative low in the tank. When the
float chamber rises to a certain height, pump will start working to pull water outside
the tank.

Water jet pump light wellpoint equipment is relatively simple, only two cen-
trifugal pumps and ejector are needed, and their working principles are shown in
Fig. 5.5a. Figure 5.5b shows the working principles of water ejector. As the water
flows through the nozzle, a sudden increase in flow velocity generated vacuum

Vacuum gauge Baffle

Vacuum gauge Inlet pipe Auxiliary
moisture

separator

Moisture

separator ort

Vacuum pump
Pum,
X Motor
Bending Filter
connector Valye screen
Lluice

g/ Circulation pump
O

Cooling tank

Water héader

Pannirig hole Filter chamber

Wellpoint pipe

Filter

Fig. 5.4 The mechanical vacuum pump in the wellpoint system
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Table 5.4 Technical features of dewatering devices
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Items V5 vacuum pump wellpoint S-1 Ejector pump
wellpoint

Drawdown (m) 6 8

Wellpoint pipe: diameter 50 x 6000 50 x 6000

(mm) x length (mm)

Quantity 70 75

Header pipe:
diameter (mm) x length (mm)

125 x 100000

100 x 100000

Space between connection pipes | 0.8 0.8
(m)
Vacuum degree 750 750

Ancillary electrical equipment

One model-V5 vacuum pump
One model-B or model-BA
centrifugal pump

Two model-3LV-9
centrifugal pump

Rated power (kW)

11.5

15

Size: length (mm) x width
(mm) X height (mm)

2400 x 1400 x 2000

2300 x 1000 x 1350

Weight (kg)

1800

800

around the wellpoint to suck out groundwater. The pressure in water tank is 1 atm.
Such wellpoints are well developed in the 1970s. They have the advantages of low
power consumption, large drawdown compared with mechanical vacuum pump,
and small influence range due to the steep cone of depression. The technical fea-
tures of water jet pump wellpoint devices are shown in Table 5.6.

5.1.3 Wellpoint Arrangement

Arrangement of wellpoint system should be based on the shape and size of the
foundation pit, the soil properties, the groundwater table and flow direction, and
requirement of drawdown.

5.1.3.1 Plane Layout

When the pit or ditch width is less than 6 m and the drawdown is no more than 5 m,
single-row linear wellpoints are available. The wellpoints should be arranged in the
upstream side of groundwater flow, and not exceed the width of the pit. If the width
is greater than 6 m or for very poor soils, then double-row linear wellpoints are
needed. If the pit area is very large, wellpoints should be annularly arranged, or in
U-shape in convenience for the transportation of excavator and dump trucks. The
distance between the wellpoint pipe and the pit wall should be 0.7-1.0 m in order to
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Table 5.5 Technical features of model-Shanghai wellpoint system equipment

Items drawdown Unit Notes 5.5-6.0
(m)
Centrifugal pump Model Model-B or
Model-AB
Working rate m*/b 20
Lift m 25
Pumping height m 7
Diameter of suction port mm 50
Electromotor power kW 2.8
Electromotor rotate speed r/min 2900
Reciprocating-type Model V5 Type (W6 Type)
vacuum pump Unit water yield m’/min | 4.4
vacuum degree (mercury mm 747
column height)
Electromotor power kW 55
Electromotor rotate speed r/min 1450
Specifications of Size (length x width x height) | mm 2600 x 1300 x 1600
wellpoint connecting | Weijght ke 1500
pipe and header pipe Number of filter pipe 100
Diameter of header pipe mm 127
Section length m 1.64
Number of sections 25
Interval of connecting point m 0.8
Number of elbow pipe 100

Number of punching pipe

prevent local gas leak. The wellpoint pipes should be usually spaced in 0.8—1.6 m,
determined by preliminary calculation or practical experience. To take full
advantages of the capacity of dewatering pump, the header pipe should be as close
as possible to the groundwater table, and drawn along the flow direction with 0.25—
0.5 % upslope degree. In determining the number of the wellpoints, it should be
considered arranging more pipes in each corner of the pit. The general plane layout
of wellpoint system is presented in Table 5.7.

5.1.3.2 Elevation Layout

The drawdown of the light wellpoint near the well wall generally can be 6—7 m.
Required burial depth of wellpoint pipe (not including filter) can be calculated as

follows:
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(@) (b)
Vacuum gauge
Piezometer Nozzle
Ejector N
Circulation pipe
: -Overflow
[ g
\ * | w
Pump X
- | "B affle Wellpoint pipe

|
|

N J |

—=—— Water —a— —Air Main pipe ‘

Fig. 5.5 Water jet pump wellpoint. a Header map. b Profile of ejector

Table 5.6 Technical features

‘ ) b Items Model
o water jet pump wellpoint QID-60 | QID-90 |JS-45
evices
Working depth (m) 9.5 9.6 10.26
Discharge rate (m>/h) 60 90 45
Working pressure (N/mmz) >0.25 >0.25 >0.25
Rated power (kW) 7.5 7.5 7.5

H>H,+h+IL

where H is the distance between the top of the wellpoint pipe to the bottom of the
pit, m; 4 is the distance from the water table to the pit bottom center, usually 0.5—
1.0 m; 7 is the hydraulic gradient,for annular arrangement is 1/10 and for single-row
linear wellpoint is 1/4-1/5; L is the horizontal distance from the wellpoint pipe to
the pit center, m. In addition, the wellpoint pipe generally should be above the
ground about 0.2 m.

If the calculated depth (H) is less than 6 m, one-stage wellpoint is suitable. If the
H is slightly larger than 6 m, the burial surface can be lowered to meet the
dewatering requirement. However, providing the one-stage wellpoint cannot
achieve the dewatering requirement, then two-stage wellpoint should be considered.
The elevation layout of wellpoint system is shown as Table 5.8.
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Table 5.7 Plane layout of wellpoint system

Type Plane layout Note and instruction
Single-row e iLﬂ/20i L, | | 1. Width of the pit is less than
. . E ) .
lmea.r wellpoint S TP 5 v'v oo wop oo o e S S S 0 0 6 m; drawdown is no greater
-partially £ than 6 m
denser OE__ 2. At the two ends of the pit’s
2 Foundation pit width, the wellpoint can be
N denser
Single-row I EEEEEEEEEEE 3. Or extended by 10-15 m
linear wellpoint | __ __ I along two ends (this is better
-extending Foundation pit for section construction in
o o long distance work)
'10.0~15.0m L, 10.0~15.0m
Single-row 6685585858588 4 4. Or wellpoints are added in
linear wellpoint = the corners (shown as figure
-cornering Foundation pit % in the left), which is much
v favorable for the upstream
? ¢ 9 water
Double-row = 5. Width of the pit is greater
linear wellpoint R EEEEEEEEE than 6 m
system é 6. In mucky clay, even if the
Foundation pi § width of a foundation pit is
pit =) .
A og not greater than 6 m, this
n wellpoint layout is necessary
2222929292929 °9°9 ¢y

Semiannular - B2 7. In some special
wellpoint circumstance, semiannular
system 4)& R EEEEEEE arrangement can only be
S employed, shown as the
al e fmﬁ?iea}:ion fosuhnasg‘:i";n figure left. More wellpoints
) I should be extended at the
e nonclosed end for about
PPPPPPPPPOEY length of B/2
Annular - -_— 8. Width of the pit is mostly
wellpoint (3868 88 886 & 8686 less than 40 m (generally 30—
system ° z & 40 m). A valve should be set
Lo = o opposite to the pump group,
o v o to shunt the water flow to
o o . .
9999 9 o 2,9 9 9 9699 °] avoid turbulence. Or directly

- Valve —

disconnect the pipe opposite
to the pump

9. Make the wellpoint denser
in the four corners, almost by
1/5 length part

(continued)
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Table 5.7 (continued)

Type Plane layout Note and instruction
Annular I - 10. Width of the pit is greater
wellpoint 36863 863 5 & 8888 than 40 m. Additional internal
system ° = S & wellpoints inside the pit are
ValveX = gAdﬁ internal | X valve necessary for considering the
o i e | o geological conditions
Lo o
L 29900 0 0 0 9 0 9 2000%] l 11. In case the total length of

annular length is over 100—
120 m, two-stage pump group
should be employed using
valves or sluices

12. In construction of circular
caisson, octangle header pipe
is set by 45° corner joints.
With upper excavation, the
surface elevation is depressed
after excavation; then pump
and header pipe are equipped

Octangle ring
wellpoint
system

11.0m

Attentions 1.Try best to make most constructions or buildings into the wellpoint system,
so that the main project can be successfully in progress

2.Try best to reduce the area of wellpoint system. Header pipe is probably
equipped on the periphery of the foundation pit. All the wellpoints are set
toward the foundation side

3.The header pipe is equipped paralleling to the contour of the foundation pit,
but try best to avoid tortuous and complicated pavement, only along line or
polyline for easy installation

4.The width of header pipe terrace generally should be 1-1.5 m. The plane
layout should consider the drainage outlet. The discharged groundwater
should be drained as far as possible

5.L, is the main wellpoint calculation section length

5.1.4 Wellpoint Construction Processes

The construction of light wellpoint can be roughly divided into the following
processes: preparation, installation, usage, and demolition.

Preparation include wellpoint equipment, power, water source, and other nec-
essary materials, the excavation of drainage ditch, the elevation observation of
nearby buildings, and the settlement measurement of nearby buildings.

Wellpoint installation program includes: placing the header pipe, burying
wellpoint pipes, connecting the header pipe and the wellpoint pipes with connection
pipe, and installing dewatering devices.

The wellpoint pipe is generally installed through flushing water. This process is
divided into two processes of punching and burying, shown in Fig. 5.6.
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Table 5.8 Elevation layout of wellpoint system

Type Layout schematic Note and instruction
Single-row linear (_&_H&SMW'“ 1. According to the
wellpoint Tnitial groundwater table requirement of drawdown, the

length of wellpoint pipe and
buried depth can be
determined (generally 6-7 m,
not including the filter)

2. The drawdown curve of
single-row wellpoint system
can be arranged as hydraulic
gradient of i = {—1. In initial
stage of dewatering, the slope
of drawdown curve is very
steep, gradually into stable of
1/10 for best

Double-row or
annular wellpoint
system

0.80~1.00m
Initial ground surface

F— = J —
S
5 —_ V- —
< = £
Initial S
x| groundwater 4
g table T -
(=3
< -
= -
d -7
l?‘? 7
T
< Filter

3. The slope of drawdown
curve is generally considered
as hydraulic gradient of 1/10.
For the safe value of
drawdown in requirement, it
depends on specific project.
And As is usually no less than
0.5 m. If possible 1.0 is better
4. Try best to make full usage
of effective drawdown, to
lower the elevation of header

pipe

Two-stage
wellpoint system

well pipe

|
v
A
v
&
v
I

Second stage
well pipe

5. When one-stage wellpoint
could not meet the drawdown
requirement, it should try best
to equip auxiliary or
temporary special drainage
method (shown as Table 5.7)
6. If necessary, two-stage
wellpoint system can be
installed as the left figure.
First-stage wellpoint can be
equipped first to drainage the
groundwater, then the
second-stage wellpoint can be
set in the bottom

Concrete well
combined with
one-stage deeper
wellpoint system

Initial grounﬂwa(er table 11.00m

1 Design height of
11 caisson blade
I

-3.38m

7. The groundwater is
depressed by 80 mm inner
diameter reinforcement
concrete pipe, and then
foundation pit excavation is
conducted. Until the designed
elevation, the wellpoint
system is set to continue to
dewatering the groundwater.
After the caisson is installed
in the predesigned elevation,
the spouting construction can
be conducted in dry condition

(continued)
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Table 5.8 (continued)

Type

Layout schematic Note and instruction

Attentions

1. The elevation of the head pipe is best to set close to the groundwater table, or
slightly 20 mm higher

2. The elevation of pump is better to keep identical with the header pipe. To
avoid the surface runoff water into the foundation pit, cofferdam usually should
be set surrounding the pit

3. Whether linear or annular wellpoint system, all the well pipes in a certain
system should be the same length. Try best to make the elevation of each filter of
wellpoint be the same, preventing large elevation difference resulting dewatering
effect

4. Pump system and head pipe should be installed reliable and safe terrace.
Generally before equipping the pump, sleeper must be set, otherwise the site
should be flattened by ramming

(a)

Punching pipe

Punching spout

(b) Wellpoint pipe

Lifting hook Clay seal
N

1000

A
4/\’
Sand pack

Rubber tube

-
Filter pipe . .
Piezometer < :
High pressure pump
300

Fig. 5.6 The burying of wellpoint pipe. a Punching hole. b Pipe burying (unit: mm)

First, lift a punching pipe with 50-70 mm diameter and penetrate it on the
location of well pipe. Then turn on the high-pressure water pump and loosen the
soil. The punching pipe should be vertically penetrated during working and swung
in all direction, in order to quickly loosen the soil. Press the pipe while punching.
The diameter of punched hole is usually 300 mm to ensure there is enough space
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Table 5.9 Required water pressures of different soil layers

Soil type Punching Soil type Punching
pressure (MPa) pressure (MPa)

Loose fine sand or clay in 0.25-0.45 Clay in plastic state 0.60-0.75

great plastic state

Silty clay 0.25-0.50 Gravel with clay 0.85-0.90

Compacted humus 0.50 Clay in less plastic 0.75-1.25
state or silty clay

Compacted fine sand 0.50 Coarse sand 0.80-1.15

Loose medium sand 0.45-0.55 Medium gravel 1.00-1.25

Loess 0.60-0.65 Hard clay 1.25-1.50

Compacted medium sand 0.60-0.70 Compacted coarse 1.35-1.50
gravel

Notes

a. The most reliable punching pressure is obtained from in situ trail punching. The values shown in
this table is for choosing suitable pump and air compressor

b. The minimum distance for domestic light wellpoint between two well centers is 80 cm, which
requires punching points to not be too close to each other to prevent two holes connection
(generally the diameter of punched hole is 30 cm). The distance between two adjacent well centers
in light wellpoint system is 0.80-1.60 m for better

c. The punched hole should be 50 cm deeper than the end of filter pipe. When reaching that depth,
reduce the water pressure rapidly. Then pull out the punching pipe and at the same time bury in the
well pipe, and fill the sand filter immediately

for sand filter. The depth should be 0.50 m deeper than the end of the filter pipe.
The punching water pressures in different soil layers are shown in Table 5.9.

When punching is completed, pull out the punching pipe and put in the wellpoint
pipe immediately, and rapidly fill the space between the hole and well pipe with
sand to prevent collapse. The quality of sand filter filling is the key to the success of
dewatering. Usually choose clean coarse sand and fill it uniformly. The sand fill
should be 1.00-1.50 m above the top of filter in order to ensure water flows
smoothly. After sand filling, the top of this gap should be sealed with clay to
prevent gas leaking.

Notes for wellpoint usage:

(1) After completion on installation of dewatering system, trail pumping test
should be carried out to check whether there is gas leakage. The dewatering
should be continuous, if not, the filter can be easily blocked and the fine
particles will flow away, which may result in settlement and cracking of
surrounding buildings. The normal drained water should be continuous and
clean.

(2) Two batteries should be prepared in order to keep the wellpoint working
continuously. The degree of vacuum is the criterion for whether the wellpoint
system works well. It should be investigated frequently, and the readings of
pressure should be not lower than 400-500 mm height of mercury column.
The insufficiency of vacuum degree is usually caused by gas leaking of the
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pipeline, which should be repaired in time. If the pipe is blocked, check it by
listening to the water flowing sounds, touching the pipe wall and feeling the
vibration, feeling the temperature of pumped water. If the pipeline is heavily
blocked, the well pipe should be washed by high-pressure water or reburied
one by one.

(3) The wellpoint can be removed only after the underground structure is com-
pleted and the pit is backfilled. Usually, chain block and crane are used to
remove the wellpoint pipes. The holes left should be filled with sand or soils.
If the foundation needs to be antiseepage, the hole below subsurface 2.00 m
should be filled with clay.

5.1.5 Parameter Calculation

The purpose of light wellpoint calculation is to obtain the dewatering discharge, so
that the wellpoint number and space, and the suitable dewatering devices can be
determined.

Influenced by many uncertain factors, such as hydrogeological conditions and
dewatering devices conditions, the results of calculated parameters cannot be very
accurate. However, if the hydrogeological condition data is carefully analyzed and
the formulas are chosen appropriately, the error can be limited and the results can
meet the engineering requirement. For the area with abundant engineering expe-
rience, the wellpoints can be arranged according to practical data, maybe without
calculation. But for multistage wellpoint system, aquifers with large hydraulic
conductivity or nonstandard wellpoint system, careful and comprehensive calcu-
lation is necessary.

Before calculation, the following information should be collected first:

1. Necessary hydrogeological data

(1) The properties of aquifer, including unconfined or confined layers.

(2) The thickness of aquifer.

(3) The coefficient of permeability and influence radius of aquifer.

(4) The recharge conditions of aquifer, and the flow direction and hydraulic
gradient of groundwater.

(5) The burial depth of groundwater, the water table, and variation information.

(6) The properties of wellpoint system,whether fully penetrated well or partially
penetrated well.

2. Dewatering requirements

(1) The layout and range of the engineering project, and the distributions and
structures of the surrounding buildings.

(2) The depth of foundation and drawdown in requirement.

(3) The permitted settlement amount and range resulting from dewatering.
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5.1.5.1 Calculation for Dewatering Discharge of Single Wellpoint

1. Calculation formulas
The water discharge of wellpoint system is calculated based on well theory. The
wells can be divided as fully penetrated well and partially penetrated well according
to whether it reaches the impermeable base. On the other hand, the wells can also be
divided as confined well and unconfined well according to groundwater surface
pressure. The water discharge of single wellpoint can be calculated by the formulas
in Table 5.10.

Before water discharge calculation, the coefficient of permeability and the radius
of influence should be determined first.
2. Determine the hydraulic conductivity K
For the deep foundation pit excavation project in soft soil area, the test result of
hydraulic conductivity must be included in the geotechnical investigation report,
which can be directly used in calculation. The hydraulic conductivity can also be
calculated by the data of in situ dewatering test.

(1) Calculate K based on the consolidation coefficient.

The consolidation coefficient of soil is determined by consolidation test.

K- (1
o K- (140
ay Yy
So
Cv-ay-yy
K=——"">"> 5.1
1+4e 5-1)

where Cvy is the consolidation coefficient of soil, cm2/s; ay is the compression
coefficient of soil, cmz/s; Yw 18 the unit weight of water, KkN/m? ; e is the void ratio of
soil.

(2) Calculate K according to effective grain size of soil:

K = C-(dy) (5.2)

where d is the effective grain size of soil, mm; C is the coefficient determined by
laboratory tests and local project experience.

(3) Calculate K based on the laboratory permeability tests.

The laboratory permeability test, as shown in Fig. 5.7, can be used to estimate
the hydraulic conductivity of soil or rock sample.

(1) Constant head permeability test (left)

VL
Ch-A-t

(5.3)

where V is the volume of water flowing through the soil sample during a period of
time ¢, m> ; L is the length that water flows through, m; 4 is the water head dif-
ference, m; A is the cross-sectional area of soil sample, m>.
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—~—Continuous water supply

Constant water 1 [
- Water head loss from
* time ¢, to time ¢,
Overflow
Cross = <t
sectional < a
area A
i > £ ( Z
f J Kampld Porous /"/A Samplé
g [ pamp stone v 5L 4
L — L —
The volume during time period ¢ The volume change dV from ¢, to 1,
- VL __aL I
K= aAt K= a.(t-t,) nﬁ
Fig. 5.7 Laboratory permeability test
(2) Falling head permeability test (right)
a-L h()
K=—"" =2 (5.4)

ag - (l‘l — to) h

where a. is the cross-sectional area of soil sample, m2; a is the cross-sectional area
of piezometer tube, m2; hg is the initial water head, m; & is the water head after a
period of time (#; — #y), m. Other symbols have the same meaning with the former.

The disadvantage of this method is that the soil sample may be disturbed, which
means the particle orientation and pore structure may change. These will influent
the accuracy of hydraulic conductivity. In addition, the mud drilling method is a
factor for soil sample disturbance. The combination of laboratory permeability tests
and field dewatering tests is a better way, in which an empirical relationship can
reduce project costs.

(4) Calculate K according to dewatering test data.

Before dewatering tests, according to local hydrogeological characteristics, such
as geological structure, thickness, and properties of the aquifer and flow direction of
groundwater, dewatering wells including main wells and several observation wells
in typical region are constructed to form a test net. The observation wells should be
arranged parallel or perpendicular to the flow direction of groundwater, as shown in
Fig. 5.8. The distances between dewatering well and observation wells can consult
Table 5.11.

The diameter of main well should not be less than 200—250 mm for convenience
in burying the dewatering well pipe. The diameter of observation well should not be
less than 50-75 mm. The main well and observation wells should all be equipped
with filter pipe. The dewatering should be continuously conducted to reach a stable
drawdown curve, after which another 6-8 h continues before termination. The
water table should be still observed to find out the water recovering circumstances
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Observation well

(a) Pumping well

(b)

Initial groundwater table

T

Pumpiilg well Observation well

Dépressed"' B
groundwater
% table

SKKI
TKTH

Fig. 5.8 Schematic of dewatering test. a Plane view. b Cross sectional profile

Table 5.11 Distance between main well (MW) and observation wells (OW)

Soil type Linear distance (m) MW-farthest OW (m)
MW-OW1 OWI1-OW2 OW2-O0W3 Minimum Maximum

Silty clay 2-3 3-5 5-8 10 16

Sand 3-5 5-8 8-12 16 25

Gravel 5-10 10-15 15-20 30 45

until the water tables are totally recovered. At last, the profile curve of depression
cone can be obtained.

For unconfined fully penetrated well, the hydraulic conductivity of soil can be
calculated by

Q(ln rp — In rl)

K =
m(h3 — ht)

(5.5)

where Q is the water discharge of the main well; /#; and h, are the drawdowns in
two different observation wells; and r; and r, are their distances to main well.

For confined fully penetrated well, the hydraulic conductivity of soil can be
calculated by

. Q(lnr2 — lnrl)
k= 27‘CM(51 — Sz) (56)

(5) Reference value of K
The reference values of hydraulic conductivity of different types of soil are
shown in Table 5.12.
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Table 5.12 Reference values of hydraulic conductivity for different types of soil

Soil type K (m/day) Soil type K (m/day)

Clay <0.005 Medium sand 5.00-20.00
Silty clay 0.005-0.10 Uniform medium sand 35.00-50.00
Clayed silt 0.10-0.50 Coarse sand 20.00-50.00
Loess 0.25-0.50 Gravel 50-100

Silty sand 0.50-1.00 Pebble 100.00-500.00
Fine sand 1.00-5.00 Pure pebble 500.00-1000.00

(6) Influence factors for hydraulic conductivity

According to above formulas, the hydraulic conductivity is proportional to
dewatering discharge O, which also determines the employment of model of
devices. The accuracy of hydraulic conductivity will determine success or failure of
the project indirectly.

(1) Pay particular attention to check whether there are thin silty or sand layers in
sediment, whether there are clay interlayers in aquifer. In dewatering test,
precipitation, influence of nearby drainage wells, flow direction and strati-
graphic structure should also be considered.

(2) The hydraulic conductivity determined by laboratory test should select most
representative samples. If there is thin silty sand layer, horizontal permeability
test should be carried out as well. The undisturbed sand sample is difficult to
take, for which hydraulic conductivity cannot be very accurate.

(3) The environmental temperature and the salt content will also influence the test
result.

3. Determine the radius of influence R

The most reliable method to determine the radius of influence is dewatering test.
According to dewatering test data, draw s-lgr curve or (H*-h?)-lgr curve, and then
connect the water level of each observation well by a smooth curve and extend it
to intersect with or tangent to initial water table. The r value of the point of
intersection or tangency is the radius of influence. The radius of influence can also
be backcalculated by the test data of water discharge Q and drawdown s.

The radius of influence can also be determined by comparison of experience
value and empirical calculation value. According to soil properties, there are
experience values for influence radius, as shown in Table 5.13. Meantime some
empirical formulas are provided as below.

(1) For unconfined well W.IT1.Kycakun formula is

R=195vVH K (5.7)
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Table 5.13 Empirical value for radius of influence
Soil type Silty Fine Medium | Coarse Extremely Little Medium Large

sand sand sand sand coarse sand | gravel gravle gravel
Grain size | 0.05-0.1 | 0.1-0.25 | 0.25-0.5 | 0.5-1.0 |1.0-2.0 2.0-3.0 |3.5-5.0 5.0-10.0
(mm)
Proportion | <70 >70 >50 >50 >50
(%)
R (m) 25-50 50-100 | 100-200 | 200-400 | 400-500 500-600 | 600-1500 | 1500-3000

(2) For confined well W.Sihardt formula is
R =10sVK (5.8)

where s is the distance from initial water table to the dynamic water table in
dewatering well, m; H is the thickness of aquifer, m; K is the hydraulic conductivity
of soil, m/s.

5.1.5.2 Calculation for the Water Discharge of Wellpoint System

The interference of depression cone of single wellpoint will make the water dis-
charge of single well less than the calculated value. However, the total drawdown is
larger than that caused by single wellpoint. This is a favorable situation for the
water drainage in dewatering.
1. Unconfined fully penetrated circular wellpoint system (Fig. 5.9)
The calculation formula for total water discharge is

_ nK(2H —5')s'

0= InR —In#
A ! R’
# i T R
@ /Clj\\nc a : YA
: ‘ ~Initjal:groun:
i i T e
O ! q ! 2
B| — =l Auinintititid = i i
a n/ ! a' ! i
N é Fi -
SN T i
|

Fig. 5.9 Calculation sketch of unconfined fully penetrated circular wellpoint system

7

7%
water table

- Depressed
.. grotindwater table
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The discharge of single wellpoint in the system is

,  mK(Q2H —s)s
~ nlnR —In(mry )

(5.10)

If the pit shape and the wellpoint system arrangement are irregular, it can be
calculated as

_ nK(2H — s)s
~ nInR —1In(riry-- - 1)

Ql

(5.11)

where r, is the reference radius of the well group, m; R’ = R+ r is the reference
influence radius of the well group, m; s’ is the drawdown in the pit center, m; Q' is
the water discharge of any single wellpoint, m*/day; r is the radius of a wellpoint,
m; n is the number of wells; s is the drawdown in a certain well, m; r is the distance
from any point in the pit to the wellpoint pipe (in m), when calculating the water
discharge of single wellpoint, it is the radius of filter pipe. Other symbols are shown
in Fig. 5.10.

Providing the wellpoint system is arranged in a rectangle, in order to simplify the
calculation, the discharge amount can also be calculated by Eq. (5.10), but the ry
represents the reference radius of the wellpoint system, which can be calculated by
following equations according to the ratio of the length A and the width B:

when A/B < 2~ 3,
F
=1\/= 5.12
o f (5.12)

when A/B > 2~3 or pit in an irregular shape,

P

ro = —
21

(5.13)

Fig. 5.10 Interference of
wellpoint group
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where F is pit area surrounded by wellpoint system, m?; P is the perimeter of the
irregular pit, m.

2. Unconfined partially penetrated wellpoint system (Fig. 5.11)

In order to simplify the calculation, the water discharge can also be calculated by
Egs. (5.9) and (5.10), in which H should be replaced by effective depth H,, which
can be obtained from Table 5.14. In case the calculated effective depth is larger than
aquifer’s thickness H, H is also selected for calculation.

3. Confined fully penetrated wellpoint system (Fig. 5.12)

The total water discharge of wellpoint system is calculated by

2nKMs'

=_——"" 5.14
0 InR' — Inry ( )
Fig. 5.11 Calculation \ R’
schematic of unconfined 7 R
partially penetrated wellpoint |
system Initial groundyvater table
S VA
R It )
- L ' | -Depressed
S groundwater
R table
=
Table 5.14 Values of %H 0.2 0.3 0.5 0.8

effective depth

Hy |13(s+1) |[15(s+10) |[L7(s+10) |1.85(s+]))

Fig. 5.12 Calculation
schematic of confined fully
penetrated wellpoint system

R

R/ IR (R TR T 7S
Initial- groundwater table

o : /*\-\-Depressed
i L .- groundwater

2 / g % table
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The water discharge of single wellpoint in the system is

;o 2nKMs
" nlnR — In(rnry~")

(5.15)

The water discharge of single wellpoint in irregular arranged in the system is

;o 2nKMs
~ nInR —1In(riry---ry)

(5.16)

where M is the thickness of confined aquifer, m. The means of other symbols are
shown in Fig. 5.12.
5.1.5.3 The Burial Depth of Wellpoint Pipe
The calculation schematic of the wellpoint pipe burial depth is shown in Fig. 5.13.
H=h+h+Ah+1-L+1 (517)
where H is the burial depth of wellpoint pipe, m; &, is the distance between initial
water table and pit bottom, m; 4, is the distance from initial water to the top of the
wellpoint pipe, m; Ah is the safety distance between decreased water table and pit
bottom, m; 7 is the hydraulic gradient, commonly 1/10; L, is the horizontal distance
from the well pipe center to the pit center, m; [ is the length of filter pipe, m.
5.1.5.4 The Number of Wellpoints and Their Interval

The flow capacity of single wellpoint is

q = 65mdl - VK (m® /day) (5.18)

) VA 7 -
Initial groundwater
) table _ -~
'

- -~ -

§ Depressed E
* groundwater

L, table

Fig. 5.13 Burial depth calculation schematic of wellpoint pipe
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where d is the diameter of filter pipe, m; [/ is the length of filter pipe, m; K is the
hydraulic conductivity, m/day.
The minimum wellpoint number is

n=112 (5.19)

q

The maximum space between wellpoints is

D =" (m) (5.20)

n

where L is the length of header pipe, m; 1.1 is the safety factor of wellpoints for
reserve.
The calculated space should be larger than 15d, which should also meet the
standard space of the adapter of header pipe (0.80 m, 1.20 m, 1.60 m, etc.).
After determining the number of wellpoints and the spacing, checking calcula-
tion must be done to find if the dewatering requirements are met or not.

5.1.5.5 The Water Head in the Pit with Fully Penetrated Circular
Wellpoint System

(1) For unconfined aquifer
The water head at any location in the pit is

W= \/H2 - n% [nInR — In(rmrg~")] (5.21)

The water head in the pit center is

%zv@tu%mw—mm (5.22)

T

(2) For confined aquifer
The water head at any location in the pit is

W =H

- 27§(M [nInR —In(mrj™")] (5.23)

The water head in the pit center is

Wy = H —

ZniM [nInR —Inry] (5.24)
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5.1.5.6 The Water Head in the Pit with Fully Penetrated Irregular
Wellpoint System

(1) For unconfined aquifer
The water head at any location in the pit is

W= \/Hz_% {lnR’—%(i’ﬂ’z ...rn)] (5.25)

T

(2) For confined aquifer
The water head at any location in the pit is

1
h/:H—%|:lan—Zln(r1r2---rn):| (526)

where ' is the water head at any location in the pit, m. For fully penetrated well, the
calculation should be continued to the reference point of the well bottom; and for
partially penetrated well, the reference point is the effective depth; r; is the hori-
zontal distance from any point in the pit to the wellpoint pipe (in m), when cal-
culating the water head outside the filter, it is the radius of well.

The drawdown of the pit center is

S =H-H (5.27)

If the result of checking calculation cannot meet the dewatering requirements,
adjust the burial depth of wellpoint pipe until the requirements are all satisfied.

5.1.6 Choice of Filter Screen and Sand Pack

5.1.6.1 The Importance of Filter Screen and Sand Pack

The choice of filter screen directly influencing the dewatering effect. In fine sand
layer, if there is no sand pack, the water head will decrease heavily after flowing
into the filter pipe. If the sand filled in could not be up to the standard or the holes in
filter screen are too big, the fines in soils will flow away during drainage, which will
lead to the decrease in foundation bear capacity, and the blocking of filter pipe,
connection pipe, or header pipe.
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5.1.6.2 Sand Back Filling Condition

1. No requirement for sand pack
(1) The aquifer’s hydraulic conductivity is larger than 10 m/day.
(2) The filter screen meets the following criterion:

d. <2ds

where d, is the net distance between filter holes; ds is the medium grain size of the
aquifer soil.

(3) The dewatering is in the aquifer without impermeable base.

All the above three requirements should be met; otherwise the sand pack is
needed.
2. Requirements for sand pack
The coarse-filled sand should be suitable for natural soil composition, which can be
represented by following criterion:

5dsy < Dso < 10ds0 (5.28)

where Ds is the medium grain size of the sand filling.
The sand pack for all wellpoints is better to choose an identical type. The
coefficient of nonuniformity g, should be

Dgp
=—<5 5.29
m=5- (5:29)

where Dy is the diameter containing 60 percent fines, called the limited grain size
of the filled sand; D, is the diameter containing 10 percent fines, also called
effective grain size of the sand pack.
3. The thickness of sand pack

(1) For silty sand aquifer or sandy silt aquifer

The diameter of sand pack should be larger than 30 cm. Any void should be
prevented during punching of sand pack, especially in clay layers with high
compressibility. Figure 5.14 shows this phenomenon, which is caused because of
negligence in construction or hurry construction. The sand pack is discontinuous in
clay layer part and necking occurs. During dewatering, the groundwater above
impermeable clay layer cannot be drained out. Therefore, the quality of wellpoint
pipe should be ensured during construction.

(2) For fine sand aquifer

The hydraulic conductivity of this kind of aquifer is larger than 5 m/day. The
diameter of sand pack can be smaller, but no less than 20-25 cm. The sand pack
void phenomenon also should be avoided.
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Fig. 5.14 Sand pack void

L 7K 78 7R L 7K 78 7R
Clay seal — |
Aquifer
Sand pack void
/
-
Aquitard A1 Aquitard

Aquifer

5.1.6.3 Common Filter Screen Types and Specifications
The common filter screen types mainly include quadrate knitmesh, diagonal knit-
mesh, and parallel knitmesh, as shown in Table 5.15. The specifications of quadrate

knitmesh-type filter screen are shown in Table 5.16 and the specifications of par-
allel knitmesh-type filter screen are shown in Table 5.17.

5.1.6.4 The Backfilled Material Size and Wire Wrapping Interval

The backfilled material size and wire wrapping interval are shown in Table 5.18.

5.2 Ejector Wellpoint

5.2.1 Scope of Application

The ejector wellpoint is suitable for deep excavation pit, in which the dewatering
depth is more than 6 m, and the site is too narrow to set multistage light wellpoint
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Table 5.15 Common filter screen types

Filter screen types | Optimal hole diameter (mm) Notes

For uniform sand For nonuniform sand

Quadrate knitmesh | (2.5-3.0) dq, (3.0-4.0) ds9 d.;—Average grain size;
Diagonal knitmesh | (1.25-1.5) d¢, (1.5-2.0) dso dso—Medium grain size.
Parallel knitmesh (1.5-2.0) dqp (2.0-2.5) dso

Legend Quadrate knitmesh

Diagonal knitmesh

Parallel knitmesh

Table 5.16 Specifications of quadrate knitmesh type filter screen

Net number (Lines Lines quantity Line Hole net Weight
quantity in 2.5 cm?) in 1 cm? diameter (mm) diameter (mm) (kg/m3)
8 3 0.50 3.13 1.10
10 4 0.50 2.32 1.34
12 5 0.45 1.86 1.38
15 6 0.40 1.41 1.32
18 7 0.35 1.14 1.22
20 8 0.35 0.99 1.36
25 10 0.30 0.76 1.19
28 11 0.25 0.69 0.96
30 12 0.25 0.63 1.03
32 13 0.23 0.59 0.93
35 14 0.20 0.55 0.77
40 16 0.16 0.47 0.73
45 18 0.15 0.43 0.55
50 20 0.15 0.35 0.63
55 22 0.14 0.33 0.59
60 24 0.14 0.29 0.65

Screen width: 1.00-5.00 m
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Table 5.17 Specifications of parallel knitmesh type filter screen

Net number Vertical/horizontal | Line diameter (mm) | Hole net Weight
(vertical/horizontal | lines in 1 cm? Vertical | Horizontal | diameter among | (kg/m?)
in 2.5 cm?) horizontal lines
(mm)
6/40 2.5/16 0.60 0.65 0.65 6.70
6/70 2.5/28 0.70 0.40 0.34 3.80
7/70 3/28 0.60 0.40 0.34 3.75
10/75 4/30 0.55 0.37 0.32 3.56
10/90 4/35 0.45 0.30 0.27 2.69
12/90 5/36 0.45 0.30 0.27 3.00
14/100 3.5/40 0.45 0.28 0.23 2.95
16/100 6/40 0.40 0.28 0.23 2.90
16/130 6/52 0.38 0.22 0.17 2.30
18/130 7152 0.33 0.22 0.17 2.30
18/140 7/56 0.30 0.20 0.16 2.00
20/160 8/64 0.28 0.18 0.14 2.00
Notes

1. Parallel knitmesh is better suitable for fine sands, while diagonal knitmesh for medium sands
and quadrate knitmesh for coarse sands and gravels.

2. The knitmesh is made by antirust material, such as copper or bronze.

3. The inner filter screen for light wellpoint in Shanghai is cooper knitmesh with 30 holes per
centimeter. The outer filter screen is iron knitmesh with 5 holes per centimeter, which can also be
nylon knitmesh. The filter pipe and filter screen are separated by laddered iron wires.

Table 5.18 The backfilled

- O - Soil type Backfilled material Wire wrapping
matengl size andlw1re size (mm) interval (mm)
t
WrappIng nfetva Fine-medium 2-4 0.75-1.0
sand
Coarse 4-6 2.0
gravelly sand
Gravel and 8-15 3.0
cobble

system. Its dewatering depth can reach to 10-20 m. The ejector wellpoint can be
applied in sand layer with the hydraulic conductivity of 3-50 m/day.

5.2.2 Major Equipment and Working Principles

The ejector wellpoint can be divided into two types: water ejector wellpoint and gas
ejector wellpoint. The major equipment include ejector well, high-pressure water
pump or high-pressure gas pump, and pipeline system, as shown in Fig. 5.15. The
former is performed by pressured water, and the later is performed by pressured gas.
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Fig. 5.15 Working principle Pressure regulator
of ejector wellpoint system n /i
— Overflow
. : Tank
Drainage pipe Pump
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The structure of ejector wellpoint can be divided into parallel type (also known
as external type) and concentric type, as shown in Fig. 5.16a, b. Their working
principles are the same. The concentric ejector wellpoint includes two parts: inner
pipe and outer pipe. The ejector is installed in the lower end of the inner pipe
(Fig. 5.16¢), and connected with filter pipe (Fig. 5.17). The ejector is composed of
jet nozzle, mixing chamber, the diffusion chamber. Its structure is determined by
five factors, which are the jet nozzle diameter D, the mixing chamber length L,, the
diffusion chamber taper ¢, the diffusion chamber length Ls, and the distance from
the top of jet nozzle to the end of diffusion chamber L,. These five factors should
match well for each other, especially for the ratio of jet nozzle diameter over the
diffusion chamber diameter. If the ratio is appropriate, the wellpoint can reach
maximum efficiency, whereas there will be sharp decline in efficiency. Presently,
the design of ejector wellpoint system is mainly determined by the combination of
empirical method and theoretical calculation.

When the ejector wellpoint system starts working, the working flow is pumped
into the annular space between the inner and outer tubes by high pressure and then
reaches jet nozzle. Because the cross-sectional area of water flow suddenly reduces,
the flow velocity rapidly raises to maximum value, about 30.00-60.00 m/s. The
water rushes into the mixing chamber, and causes a vacuum near the jet nozzle.
Under vacuum suction effect, the groundwater is brought into the mixing chamber
through suction tube and mixed with working flow, then flowed into diffusion
chamber.

Then the water kinetic energy transforms into potential energy. The water flow
gradually slows down while the water pressure raises, making the mixed water flow
into the water tank. Part of the water can be reused as high-pressure working flow,
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Fig. 5.16 Ejector wellpoint structure. a External type. b Concentric type (jet nozzle diameter is
6.5 mm). ¢ ejector

and the rest is drained away by low-pressure pump. This cyclic operation gradually
lowers the groundwater table to a demand depth.

5.2.3 Design of the Pumping Device Structure

(1) According to the outflow rate of the pit and the arrangement of the wellpoints,
determine the required single well discharge Q, and the suction head H.

(2) According to the required suction head H, determine the working pressure P;
by the following equation:

P = % (N/mm?) (5.30)

where f is the ratio of suction head over the working pressure, refer to Table 5.19.
(3) According to the single well discharge Q, determine the working flow Q; by
the following equation:

0 :%(m3/day) (5.31)
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Fig. 5.17 Ejector wellpoint

structure in detail

Table 5.19 Empirical

parameters
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Casing
coupling

Connector

N

N

LB
K/Ejector

|_Diffusion chamber
N

|_Outer pipe
|_Inner pipe

Mixing chamber
N—

>/Nozzle

Vacuum tube

Filter core tube
Filter casing tube
with holes

Filter screen and
protecting net
Ball check valve
Ball valve seat

E‘q‘g i 7 Sleeve
! | Sinking pipe
L —

|

I
Hydraulic conductivity p o M r
K (m/day)
K<1 0.225 0.8 1.8 4.5
1 <K <50 0.25 1.0 1.0 5.0
K> 50 0.30 1.2 2.5 5.5

where o is the ratio of single well discharging flow and the working flow, refer to

Table 5.19.

(4) According to the working flow Q; and the working pressure P;, determine
the diameter of jet nozzle d;.

d; =19

vi = ¢\/2gH = $+/2gP1 x 10 = ¢1/20gP

(5.32)

(5.33)
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where v; is the velocity of working flow at the exit of jet nozzle, m/s; ¢ is the
velocity coefficient of jet nozzle, the approximation is 0.95; P; is the working
pressure, N/mm?; g is the acceleration of gravity, value as 9.8 m/s’.

(5) According to the jet nozzle diameter d;, determine the diameter of mixing
chamber D as

D =M - dy(mm) (5.34)

where M is the ratio of mixing chamber diameter to jet nozzle diameter, refer to
Table 5.19.

(6) According to the jet nozzle diameter d;, determine the length of mixing
chamber L, as

L4 =r- dl (mm) (535)

The value of parameter r is referred to in Table 5.19.
(7) When the angle of throat is 7°-8°, the energy loss is minimum, so that
diffusion chamber length can be determined as

Ls = 8.5 (% - g) (mm) (5.36)

where Dj is the diameter of inner pipe, mm; D is the diameter of mixing chamber,
mm.

(8) According to working flow Q; and the maximum allowable velocity,
Vmax = 1.5-2 m/s, determine the length of the inflow hole on inner pipe Ly.

Q1 X 10_6

Loy=—12 "7
0 24 Vo X 3600

(mm) (5.37)

where a is the width of the inflow hole, mm.
(9) The necking length L3 and the cylinder length L, of jet nozzle are determined
by structural demand.

L3 = 25d1 (mm) (538)

(10) The diameters of inner pipe D3 and the outer pipe D4 can be determined by
trial method. Amend them by following equations:

400+ Q1 x 107°
Dy = [ TEL 5.40
3 v 3600 (™M) (5:40)
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4Q() X 1076
Dy= |25 41
4=\ o x 3600 (™™ (5:41)

The power efficiency of the high-pressure pump used in the ejector wellpoint
dewatering is generally 55 kW, the flow is generally 160.00 m*/h and the suction
head is 70 m. Each pump can drive 30—-40 wellpoints.

5.2.4 Layout of Ejector Wellpoint and Attention
Jor Construction

(1) The arrangement of ejector wellpoint system is basically similar with light
wellpoint.

(2) Wellpoint is generally spaced at 2.00-3.00 m, and the punching diameter is
400-600 mm. The wellpoint should be 1.00 m deeper than filter pipe bottom.
To prevent ejector abrasion, casing method can be used for drilling. Use water
and compressed air to eject mud, and then put the well casing when the mud
content is less than 5 % in casing pipe. The wellpoint surface, approximately
0.50-1.00 m, should be sealed by clay.

(3) The pump should be run before putting the well pipe. Each well pipe should
be connected with header pipe immediately after settling down. Pump out the
mud by trial running, and the degree of vacuum should be measured at the
same time, which should be not less than 93.3 kPa. Trial pumping should last
until the pumped water becomes clear.

(4) The return header pipe should be switched on after all wellpoints are set in
position. Trial dewatering should be taken out before formal experiments.

(5) Pumping device, including jet nozzle, mixing chamber, the diffusion chamber,
etc., should be produced accurately.

Different units of inflow tube and water return tube should be separated by
valves. A ball valve should be set in the end of filter pipe to prevent working
water backflowing.

(6) The working water should be kept clean to prevent jet nozzle and pump
impeller abrasion.

5.3 Tube Wellpoint

5.3.1 Scope of Application

Tube wellpoint is suitable for aquifers composed by coarse sand and pebble, where
the light wellpoint is not applicable. Those confined and unconfined aquifers
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usually have large hydraulic conductivity, with great water discharge and large
dewatering depth, which is usually 8.00-20.00 m.

5.3.2 Major Equipment and Working Principles

5.3.2.1 Well Pipe

Well pipe includes two parts: well casing and filter, as shown in Fig. 5.18. Well
casing usually is cast iron pipe, concrete pipe, or plastic pipe with a diameter of
200-350 mm. The filter can be made by twining galvanized wires out of the casing
pipe with punched holes (Fig. 5.19), or covering the welded steel frame by a
specific filter screen (Fig. 5.20).

5.3.2.2 Pump

If the dewatering drawdown is less than 7.00 m, centrifugal pump is enough. While
it exceeds 7.00 m, submersible pump or deep well pump is necessary.

Fig. 5.18 Well pipe structure
Grout seal
/
Well
pipe g
] N
Sand pack
Filter % //Aquitard
: /Aquifer
Well Sinking pipe
€ L —1
bottom - %
T~
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5.3.3 Construction Method

5.3.3.1 Wellpoint Arrangement

Determine the outflow rate first, then check the limited discharge of single well-
point, and finally determine the wellpoint quantity. Uniformly arrange the wellpoint
around the pit and connect them by water collecting tube.
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5.3.3.2 Hole Creating Method

Choose percussion drill or rotary drill according to soil conditions and hole depth. If
the well depth is less than 15.00 m, water pressure casing method with long auger
can also be used. The diameter of drill hole is usually 500-600 mm. When the hole
reaches a predetermined depth, clean out the mud in the drill hole and put the cast
iron pipe or cement-gravel pipe with 300—400 mm diameter in it. In order to ensure
the discharge amount and prevent fine sand flow into the pipe, filter materials
should be backfilled around the well pipe. Its thickness should not be less than
100 mm. The grain diameter of backfilled material shall be 8-10 times of the
aquifer’s dsg—dgo. The specification is shown in Table 5.18.

5.3.3.3 Well Washing

After backfilling, the well should be washed. For cast iron pipe, piston or air
compressor can be chosen. For other material pipe, wash it by air compressor until
the water becomes clear.

5.4 Electroosmosis Wellpoint

5.4.1 Scope of Application

In saturated clay layer, especially for sludge or mucky clay soil, the permeability is
relatively poor and the water retention capacity is strong. In these soils, the common
light wellpoint dewatering and ejector wellpoint dewatering are less effective. With
the corporation of electroosmosis wellpoint, water can be easily drained from
impermeable soil layer.

5.4.2 Major Equipment and Working Principles

The electroosmosis wellpoints are arranged around the pit. The light wellpoints or
ejector wellpoints act as cathode and the steel pipes (¢ 50-75 mm) or steel bars (¢
50-75 mm) act as anode, which are inserted closer to the pit than wellpoints. The
cathode and anode are connected by wires to form the access. Then apply a strong
direct current on anode, as shown in Fig. 5.21. The voltage makes the negatively
charged soil particles move to the anode, and the positive charged pore water moves
to the cathode. The former phenomenon is called electrophoresis and the later is
called electroosmosis. The combined action of electroosmosis and vacuum makes
the pore water gather around the well pipe. The water will be pumped out
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Fig. 5.21 Arrangement of DC generator
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continuously and the water level will gradually drop. The soils between electrodes
will become telescreen, which can prevent groundwater from flowing into the pit.

5.4.3 Key Points and Attention of Construction

(1) The electroosmosis wellpoint can be created by casing method with hydraulic
giant.

(2) The anode should be vertical penetrated, and cannot contact with cathode.
The anode should be 50 cm deeper than wellpoint pipe and 2040 cm above the
ground.

(3) The anode and cathode spacing is generally 0.80-1.50 m. For light well-
point, the spacing is 0.80-1.00 m, and for ejector wellpoint it is 1.20—1.50 m. The
anodes and cathodes are stagger ranged in parallel. The number of anodes and
cathodes better is equal. The number of anodes can be more than the number of
cathodes, if necessary.

(4) Direct current generator can be replaced by direct current welding machine.
Its power can be calculated as follows:

Uu-J-r

P= 1000 (5.42)

where P is the power of welding machine, kW; U is the electroosmosis voltage,
generally 45-65 V; J is the electric current density, better be 0.5-1.0 A/m>; F is the
electroosmosis area (in m?), F = electric conduction x wellpoint perimeter.

(5) In order to prevent the electric current passing through the ground surface,
which will reduce the electroosmosis effect, before power on, the electric con-
ductors on the ground between anode and cathode should be cleaned up. If possible,
coat the ground with an insulating layer of asphalt conditional. Besides, the part of
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anode inside the permeable layer should be coated with two insulating layers of
asphalt conditional to reduce power consumption.

(6) The electroosmosis wellpoint should be intermittently electrified. That is,
outage of the electric generator 2-3 h after 24 h running, to save electric energy and
prevent resistance increase.

5.5 Recharge Wellpoint

The dewatering will lead to pore water decrease and effective stress increase in clay
layer, and further lead to layer compaction. This will result in differential settle-
ment, influencing the safety of nearby buildings. To minimize the amount of ground
settlement, in domestic and foreign engineering projects, dewatering wellpoints are
combined with recharge wellpoints.

5.5.1 Working Principles

The working principles of recharge wellpoint are as follows. Bury a row of recharge
wells in the ground between dewatering wellpoints and nearby buildings, as shown
in Fig. 5.22. Keep the radius of dewatering influence no more than the range of
recharge wellpoints by injecting water, and the water level will remain unchanged.
The formed water purdah can prevent the loss of groundwater near the buildings.

5.5.2 Key Points and Attentions of Construction

(1) The recharging watershould be clear. The recharging amount and pressure
should be calculated by well theory and adjusted according to observation
data.

(2) The dewatering wellpoints and recharge wellpoints should be started or
stopped synchronously.

(3) The filter of recharge wellpoint should be 0.50 m higher than water table and
reached to the well pipe bottom. The structure of recharge wellpoint can be the
same with dewatering wellpoint, but should guarantee the quality of well hole
and backfilled sand.

(4) The recharge wellpoint and dewatering wellpoint should maintain a certain
distance. The length of recharge wellpoint is decided by depth of the per-
meable stratum.

(5) A certain number of settlement and water level observation wells should be set
in nearby area, in order to adjust recharge amount in time.
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Fig. 5.22 Arrangement of recharge wellpoints

5.6 Monitoring of Wellpoint Dewatering

In an important project, a lot of monitoring equipments should be set.

5.6.1 Flow Observation

Flow observation is important, which usually can be done by flow recorder of
triangular weir. If the flow is too large while the dewatering is very slow, it should
be considered to change a larger rate centrifugal pump. On the contrary, replace the
centrifugal pump by a small rate pump to prevent high temperature and save electric
power. For example, in Shanghai, one project first adopted a centrifugal pump,
whose diameter is 75 mm and power efficiency is 7.5 kW. However the flow is not
very large, so it had been replaced by a small centrifugal pump, whose diameter is
75 mm and power efficiency is 3 kW. In another project, the former pump can work
well.
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5.6.2 Water Table Observation

The wellpoints also can act as observation wells. In first 3 days of dewatering,
observe the water level every 4-8 h to learn the function of the entire system. After
3 days and before the water table dropping to the predetermined level, observe it 1—
2 times per day. When the water table dropped to the predetermined level, the
observation can be taken weekly. But in raining days, the observation time should
be increased.

5.6.3 Pore Water Pressure Measurement

Pore water pressure measurement is to learn the changes of pore water pressure
during dewatering, so that to estimate the foundation strength, deformation, and
slope stability.

The pore water pressure is usually measured more than once time every day. If
there is abnormal phenomenon, for example, pit slope cracking or nearby buildings
subside largely; the observation time should be increased to more than 2 times per
day.

5.6.4 Total Settlement and Layered Settlement Observation

In dewatering project, the benchmark should be set out of the influence range, in
order to make the settlement observation more accurate. The settlement observation
points should be set inside the influence range and close to nearby building. In
multi-soil layers, if the dewatering depth is large, layered settlement observation
points also need to be set, in order to measure every layer’s settlement and check
the calculated total settlement. The observation times are the same with pore water
pressure measurement. Settlement observation should avoid direct sunlight and
strong wind.

5.6.5 Earth Pressure Measurement

The earth pressure measurement includes subgrade reaction measurement and lat-
eral earth pressure measurement. The measurement times are the same with pore
water pressure measurement.

Other measurement devices, such as extensometer, concrete pressure capsule,
resistance thermometer, piezometer, and high-precision inclinometer, are adopted
depending on the design requirements.
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5.7 Design Cases of Dewatering Projects

5.7.1 Ejector Wellpoint Case

The sectional view of an open caisson of one engineering project in Shanghai is
shown in Fig. 5.23. The site elevation is +3.75 m. The foot blade of this open
caisson is in mucky clay with thin silty sand layers and its elevation is —13.70 m.
Water table is 2.05 m below the ground surface. The layers are identified as

(1) The first layer is isabelline silty clay between +3.75 to +2.50 m.

(2) The second layer is gray mucky clay between +2.50 to +0.60 m. Its hydraulic
conductivity is 1.50 x 1077 cm/s, thus can be considered as impermeable
layer.

(3) The third layer is gray silty sand between +0.60 to —7.55 m. Its hydraulic
conductivity is (3.00-4.50) x 10~* cm/s, thus can be considered as confined
aquifer.

(4) The fourth layer is gray clayed silt with thin silty sand layers between —7.55 to
—11.55 m. Its hydraulic conductivity is 5.32 x 107> cm/s.

(5) The fifth layer is gray mucky clay with thin silty sand layers under —11.55 m.
Its hydraulic conductivity is 1.02 x 1077 cm/s.

According to the geological and hydrogeological conditions of the site, ejector
wellpoint is adopted in order to prevent quicksand.

The wellpoints are circularly arranged according to site conditions, as shown in
Figs. 5.23 and 5.24. The wellpoint is confined fully penetrating well. The hydraulic
conductivity is taken the average value of third and forth layers, as 0.39 m/day. The
steps of wellpoint design are as follows.
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Fig. 5.23 Arrangement of ejector wellpoints
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5.7.1.1 Arrangement of Wellpoints

Wellpoints are rectangularly arranged. The main tube is 1.5 m away from the open
caisson. The length and width are 19.60 and 13.40 m, respectively. The hydraulic
gradient [ is 1/10.

(1) The length of main tube

[(19.60 4+ 1.50 x 2) + (13.40+1.50 x 2)] x 2=78.00m

(2) The burial depth of wellpoint pipe

1 1640
H=1745+1-L+Ah=1745+ T X > +0.5=1877m

So, take the length of wellpoint pipe as 18.80 m.

(3) The length of filter pipe is 1.50 m and the diameter is 38 mm.

(4) The punched diameter of borehole is 600 mm and 1.00 m deeper than the filter
bottom end, which means the depth of borehole is 18.80 + 1.50 + 1.00 = 21.30 m.
The space between the walls of wellpoint pipe and borehole is filled by coarse sand as
filter layer, and the part that 1.0 m under the ground is filled by clay in order to
prevent gas leaking, as shown in Fig. 5.25.

5.7.1.2 Calculation of Pit Dewatering Amount

(1) The requested dewatering depth in the pit center is
s’ =13.7042.0540.50 = 16.25m

(2) The length of wellpoint pipe beneath the original water table equals to the
drawdown in the wellpoint, which is
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(3) The confined water table is at the elevation of +2.05 m, and the elevation of
third layer—silty sand layer—is +0.60 m. Thus, the confined water level is 1.45 m.

The thickness of aquifer is 12.15 m.
(4) The radius of influence is

R = 10svK = 10 x 17.07 x v/0.39 = 106.60 m

(5) The reference radius is

F 22.60 x 16.40
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(6) The total dewatering amount of the foundation pit is

_ 2mKMs 2% 3.14x0.39 x 12.15 x 17.07
" InR—1Inry In117.46 — In 10.86

= 213.45m’ /day

5.7.1.3 Drainage Quantity of Single Wellpoint
The drainage quantity of single wellpoint is

q =657dl- VK = 65 x 3.14 x 0.038 x 1.5 x v/0.39 = 8.5m’ /day

5.7.1.4 Number of Wellpoint Pipe

The number of wellpoint pipe is

n= 1.192 1.1 x 213.45

= 27.
q 8.50 6

In this project, 28 wellpoints are arranged around the open caisson pit, as shown
in Fig. 5.24.
The distance between wellpoints is

[ (2260 +2186.40) X2 _ e

Note: During dewatering, it should be paid close attention to ground settlement
to prevent ground subsidence issues. This ejector wellpoint design worked well in
this project.

5.7.2 Tube Wellpoint Case

The foundation pit is for a three-hole box-type ferroconcrete culvert. This culvert
has 19 parts and totally 316.00 m long. According to the landform, elevation, and
hydrological and geological conditions, the tube wellpoint system is designed by
parts. For one part, the ground elevation is +3.20 m and the designed elevation of
pit bottom is —5.90 m. The required bottom and top excavation width are 18.00 m
and 41.00 m, respectively. Design a row of wellpoint at both sides of the pit, which
is 1.00 m away from the pit, as shown in Figs. 5.26 and 5.27. Thus, the distance
between the two rows is 43.00 m.

The hydrogeological conditions are: at the top range of 7.00-10.00 m is silty
clay and clayed silt, and the layer below is thick silty sand layer, and the pit bottom
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is about at the boundary of these two layers. The hydraulic conductivity of the silty

sand layer is about 2.60 m/day.

Take 75.00 m length of the pit as a calculation unit. The diameter of the filter

pipe is 0.34 m. The hydraulic gradient is 0.3.
(1) The reference radius is

F /75.00 x 43.00

(2) The drawdown s in the well pipe is calculated as follows:

hy =320 — 230 = 090m
hy =0.90+5.90 = 6.80m

Ah=05m
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L =43/2=2150m
s =hi+hy+Ah+1IL; = 0.90 +6.80+0.50 +0.3 x 21.50 = 14.65m

So take the drawdown as 15.00 m.
(3) The calculation of effective depth.

For partially penetrated tube well in thick aquifer, the effective depth H, can be
calculated as in Table 5.12.

s 15.00

— =2 079
s+1  15.00+4.00

Hy=1.85(s+1) = 1.85 x (15.00 +4.00) = 35.15m
where [ is the submerged depth of filter pipe when the water table is stable, which in

this case is 4.00 m, as shown in Fig. 5.28.
(4) The drawdown in the pit center is

s’ =6.80+0.50 = 7.30m

The radius of influence is

F
R =r+R= \/:+ 1.955'VHoK = 32.04 +1.95 x 7.30 x v/35.15 x 2.60
T
=168.12m
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(5) The total drainage quantity of the tube well system is

(2 x 35.15 - 17.30) x 7.30

(2Hy — s')s
Q=K R —nry X 200X T e 12— n32.04

= 2266.12m?/da
y

(6) The maximum drainage quantity of single wellpoint is

q = 651dIV/K = 65 x 3.14 x 0.34 x 4 x v/2.60 = 381.88 m* /day

where d is the diameter of filter pipe, which in this case is 0.34 m.
(7) The number of wellpoint pipe is

0 2297.44

—1.1%=11 -
" p " 381.00

In this project, six wellpoints are arranged, three for each side. The distance

between well pipes is 25.00 m.
(8) Check the drawdown of pit center. First of all, calculate the distances from all

wellpoints to the pit center (Figs. 5.29 and 5.30).

rp=r,=r=r4=233.00m

rp =r5 = 21.50 m

(2In21.50+41n33.00) = 3.35369

AN —

—Inriry---r, =
n

Calculate the water level from the effective region by Eq. (5.25), as shown in

Fig. 5.29.
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Fig. 5.29 The drawdown in the pit center
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The initial water level is 3.20 —2.30 = 0.90 m.

The effective elevation is —(35.15 — 0.90) = —34.25m.

The top point elevation of # is —(34.25 —27.18) = —7.07m

The distance of the top point of k) below the pit bottom is

7.07 —590 =1.17 > 0.50m.
Thus, this wellpoint design can meet the dewatering requirements.

If #, is calculated as

6 x 381.88
W, = \/35.152 _ DX I9008 1 (168.12 + 32.04) — 3.35369) = 26.27
A 314 x 2.60 +32.04) %) m

then the top point elevation of 4/, is —(34.25 — 26.27) = —7.98 m.
The distance of the top point of 4, below the pit bottom is 7.98 — 5.90 =

2.08 > 0.50 m.
Thus, this wellpoint design can meet the dewatering requirements.

(9) The length of the wellpoint pipe is
H =2.30+415.004+4.00 = 21.30m

In construction, the length of wellpoint pipe is taken as 27.00 m.
(10) The suction head of the sump pump is 18.00 m, which is larger than

15.00 + 2.30 = 17.30 m.
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The flow of this pump is 50 m*/h, which is larger than % =15.91m?/h.

Thus, during dewatering, control the tap to adjust the drainage quantity. The pump
with a flow of 25.00 m>/h is more suitable.

5.8 Common Issues of Wellpoint Dewatering Methods
and Their Solutions

5.8.1 Light Wellpoint

The common issues of light wellpoint and their causes, prevention, and solutions

are shown in Table 5.20.

Table 5.20 Common issues of light wellpoint and their causes, prevention, and solutions

Common issues

Causes

Prevention and solutions

Vacuum degree disorders:
(a) Vacuum degree is small,
the pointer of vacuum gauge
shakes violently, and
groundwater extraction
amount is little

(b) Vacuum degree is
abnormally large, but the
unusually large groundwater
extraction amount is little
(c) The water table does not
drop down, instability of pit
slope instability, and
quicksand

(a) Bad sealing of wellpoint
leads to large amount of air
leakage

(b) Abrasion or failure of
dewatering unit components
(c) Wellpoint filter screens,
pipes, and water colleting
tube are blocked by sand and
clay, resulting in large
reading of vacuum degree
and little pumped water

(d) The soil permeability is
too small, improper choice
of wellpoint type, or put the
filter in the impermeable
layer

(a) The pipes of wellpoint
system should be strictly
sealed in order to keep the
vacuum degree larger than
93 kPa when idling. Check
the sections one by one to
find out the leaking point.
Tightening bolts, covering
with white painting or other
material

(b) Before stalling, clean the
well pipes and remove rust
and mud inside the pipe

(c) The punched borehole
should be 0.5 m deeper than
the lower end of the filter
pipe and the diameter should
be larger than 30 cm. After
completing installation, test
pumping should be taken out
in time to check the pump
capacity and whether the
pipe leaks. The issues like
leaking or “dead well”
should be solved in time

(d) The methods for finding
out whether the pipe is
blocked include: feel the
pipe temperature and it is not
cool in summer and not
warm in winter; there is no

(continued)
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Table 5.20 (continued)

Common issues

Causes

Prevention and solutions

moisture on the belt pipe;
cannot listen the flow sound
through a steel; cannot see
water flow in transparent
pipe; pull water into the pipe
and no infiltration

(e) Before excavation,
punching the filter pipe with
high-pressure water. Pull out
the well pipe and clean it if
needed

Water turbidity:

(a) The pumped water is not
clear, with lot of sand

(b) The settlement of nearby
ground is large

(a) Filter screen damage

(b) The holes of filter screen
are too large or the grain size
of sand filling layer is too
large, so that the fine
particles of aquifer can flow
away

(c) The thickness of sand
filter layer is not enough

(a) Before put in the well
pipe, check the filter screen
carefully and repair the
damaged filter screen in time
(b) The size of the filter
screen and filled sand should
be suitable for the soil
conditions

(c) The wellpoint should not
be used if the pumped water
is always turbid

Partial abnormities of
dewatering:

(a) Quicksand happens in
some place in the pit

(b) Cracks occur on the wall
of the pit

(a) Many wellpoints are
blocked or the vacuum
degree is too small on the
unstable side of the pit

(b) The water in the nearby
river or drainage ditch
infiltrates into the pit,
making the water head
increased

(c) The overloading on
nearby ground or mechanical
vibration may cause ground
cracks or collapses, which
will further lead to
quicksand or slope failure

(a) The wellpoint system
must be sealed strict, and the
vacuum degree should be
greater than 93 kPa during
idle running

(b) Arrange more wellpoints
on the side with more water
recharge. Prohibit digging
drainage ditch near the pit
slope

(c) Avoid overloading on
nearby ground or heavy
mechanical vibration

(d) Seal the ground cracks
and drainage away the
surface water from the pit
(e) Take necessary measures
to prevent further damage

5.8.2 Ejector Wellpoint

The common issues of ejector wellpoint and their causes, prevention, and solutions

are shown in Table 5.21.
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Table 5.21 Common issues of ejector wellpoint and their causes, prevention, and solutions

Common issues

Causes

Prevention and solutions

The failure of pump:

(a) Abnormal pressure
difference

(b) Water gushing and
surface sand boiling occurs
near the wellpoint

(c) Some soil is wet
unmorally, and the slope of
the pit is unstable

(a) The nozzle is clogged by
debris, thus there is no or just
little reading on the pressure
gauge when closing the
wellpoint

(b) The nozzle is worn even
perforated, and the nozzle
splint is cracked, thus the
reading on the pressure gauge
is very large when closing the
wellpoint

(a) Check the pump quality
strictly, especially for
concentricity and weld
quality, and measure the
performance. The vacuum
degree should be larger than
93 kPa when idling

(b) Before stalling, clean the
well pipes and remove rust
and mud inside the pipe

(c) The working water should
be kept clean. After 2 days
test pumping, it should be
changed. During dewatering,
the water should be regularly
replaced depending on the
degree of turbidity. The
working pressure should be
adjusted to meet the
requirements of dewatering, in
order to reduce the wear of the
nozzle

(d) If the nozzle is blocking, it
should be purged in time.
First, close the wellpoint,
loosen the fastener, and pull
the pipe lightly. Then click the
inner pipe to let the stemming
fall into the sediment pipe. If
the stemming is too tight to
fall, full out the inner pipe and
then remove it

(e) If the nozzle splint is
cracked, or worn even
perforated, pull out the inner
pipe and change the nozzle

Wellpoint blocking:

(a) The water pressure is
normal, but the vacuum
degree is higher than the
standard value

(b) Pull water into the pipe
and no infiltration

(a) After filling sand layer
around wellpoint pipe, the test
pumping is not carried out in
time, making the mud and
sand precipitated in well pipe
and blocking the suction port
of the inner pipe

(a) After installation
completing, proceed test
pumping in time

(b) The filter pipe is better
buried in the layer with large
hydraulic conductivity. If
necessary, enlarge the
diameter of sand filter layer,

(continued)
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Table 5.21 (continued)

Common issues

Causes

Prevention and solutions

(c) Some soil is wet
unmorally, the pit slope is
unstable, and quicksand
occurs

(b) The hole necks or
collapses during putting the
well pipe, or the clay layer is
not handled properly, thus the
filled sand layer quantity is not
good and the filter screen
easily been blocked by mud

deepen the borehole or add
sand wells

(c) The borehole should be
vertical. Its diameter should be
no less than 400 mm, and it
should be 1.0 m deeper than
the end of filter pipe. Before
pulling out the punching pipe,
turn off the high-pressure
water gun to avoid borehole
collapse

(d) If the filter pipe is blocked
by sand and mud, pull out the
inner pipe a little, and push
water into the filter pipe
through the annular space
between the inner and outer
tube to wash it and drain the
muddy water from the inner
pipe. The reverse way all can
work

(e) If the filter screen or sand
filter layer is blocked by mud,
push water into the inner pipe
to wash them. The time for
washing is about 1 h. After
stopping, the suspended sand
gradually deposited around
the wellpoint filter pipe to
recompose the filter layer

(f) If the filter pipe is buried
not deep enough, add some
sand wells according to
specific conditions, in order to
improve the permeability of
the soil layer. Also can bury
another filter pipe in better
permeable layer, or pull out
the wellpoint and rebury it

(continued)



238

Table 5.21 (continued)

5 Wellpoint Dewatering in Engineering Groundwater

Common issues

Causes

Prevention and solutions

General malfunctions:

(a) Water pulls out around
the wellpoint

(b) The pressure of working
water is not high enough, so
that the vacuum degree is
little

(c) The short connecting pipe
for returning water cracks
(d) The water level of
circulating pool continuously
drops

(a) Failure of pumping
machine, inner pipe base
leaking due to bad sealing or
fastener looseness, the leaking
on the joint position of inner
and out pipes, and very low
working water pressure all can
lead to water pull out

(b) The well pump is
overburdened, or the sediment
in circulating poor blocks the
pump suction port, thus the
water pressure cannot raise up
and the vacuum degree is very
small

(c) The short pipe burst is
caused by incautious
operation

(d) The location of circulating
poor is too close to the pit,
which makes it easily cracks
due to ground settlement. The
water in circulating poor will
leak into the ground

(a) Check the pump quality
strictly, especially for
concentricity and weld
quality, and measure the
performance. The vacuum
degree should be larger than
93 kPa when idling. Before
installation, check the inner
pipe base carefully and fasten
the screws

(b) If the water flows back,
turn off the wellpoint
immediately and then find out
the reason. Check all parts
successively according to the
reading of the pressure gauge
and in the order of easy issue
first

(c) If the pumped water
quantity is not enough, add
more pumps and clear the
sediments in circulating poor.
Find out the reason of large
amount of sediment

(d) When the short pipe burst,
turn off the wellpoint
immediately and change a
spared one. To turn on the
wellpoint, turn on the
backwater valve first then the
inflow valve

(e) If the circulating poor
crack, reinforce it and plug the
leaking position, or replace it
by circulating tank if
necessary

5.8.3 Tube Wellpoint

The common issues of tube wellpoint and their causes, prevention, and solutions

are shown in Table 5.22.
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Table 5.22 Common issues of tube wellpoint and their causes, prevention, and solutions

Common issues

Causes

Prevention and solutions

The drainage amount is
small, however the
pump capacity is
enough

(a) The well is not washed
carefully, thus the mud content
of sand filter layer is relatively
high. The mud cover on the
borehole wall is not cleared
away, therefore the groundwater
cannot flow into the well
smoothly, which badly
influences the drainage capacity
of single well

(b) Hydrogeological data does
not match with the actual
situation; the actual location of
the filter pipe is not at the aquifer
with good permeability

(c) The depth, hole diameter, and
verticality do not meet the
requirements; there are excessive
sediments in wells, making the
borehole blocked

a) Wash the well in time after
filling the sand layer. Then carry
out the single well pump test to
wash out the mud that in around
layer.

b) The filter pipes should be
installed in all aquifers that need
to be drained. The specification
of filter screen and sand filter
layer should be chosen based on
the aquifer’s grain size.

c) For the complex layers or the
layers without enough
hydrogeological data, specialized
drilling should be carried out
according to dewatering
requirements. For critical
engineering project, field
dewatering test should be done.
In the drilling process, take soil
samples from every borehole and
recheck the original
hydrogeological data. Before
putting in the well pipe, measure
the borehole depth again, and
collocate the well pipe and filter
pipe according to design
requirements and actual
hydrogeological data.

d) Before installing or exchange
pump, measure the actual
borehole depth and the thickness
of sediment on the bottom of the
well. If the well is not deep
enough or the sediment is too
thick, wash the borehole before
installation.

The drawdown is not
enough

(a) The number of wellpoint is
not enough

(b) The pump is unsuitable that
the pumping capacity is scarce
(c) The wellpoint is not brought
into full play

(d) The hydrogeological data is
incorrect, and the actual drainage
amount is larger than the
calculated value

(a) According to hydrogeological
data, calculate the total flow
quantity, the flow capacity of
single well, the length of filter
pipe, the number of wellpoints,
the distance between wellpoints,
etc. Recheck the length of filter
pipe, the flow capacity of single
well, and the required drawdown
(b) The pump should meet all
requirements for different
dewatering stage

(continued)
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Table 5.22 (continued)

Common issues Causes Prevention and solutions

(c) Improve the flow capacity of
single well. Set a suitable filter
pipe and sand filter layer

(d) Add more wells in the region
that the drawdown does not meet
the dewatering requirements

(e) Change a bigger pump within
the single well drainage capacity
(f) Rewash the well if the former
time is unqualified to improve
the single well drainage capacity

5.9 Impact of Wellpoint Dewatering on the Environment
and the Prevention

When dewatering starts, the well water level gradually drops, and the around water
continuously flows to filter pipe. In unconfined aquifer, after a period of time
dewatering, a conic water table will occur, and the stabilization of which normally
takes a few days. The water table decrease will definitely result in ground settle-
ment, which is differential. This differential settlement development requires a
certain period of time. In engineering projects, due to poor structure of filter screen
and filtering sand layer, the clay, silt, and even fine sand particles may flow away.
This will lead to differential settlement and damage the ground buildings and
underground pipelines with varying degrees. This damage can be minimized by
raising the dewatering efficiency.

5.9.1 Ground Deformation Near a Dewatering Wellpoint

In California Santa Clara River Valley, 190 times of dewatering and recharge test
had been carried out in 16 wells with different depth. Vertical and horizontal ground
deformations had been measured. The depth of these wells vary from 5.00-10.00 m
to 500.00-700.00 m. The pump flow of former wells was small, about 25 L/min.
For the later ones, it could be 700 L/min. The aquifer consists of silt and clay with
gravels. In short time dewatering (2 h or less), the ground deformation around every
well could be measured immediately. The vertical deformation varied from 1-100
pm and the horizontal deformation could be 15 um per meter. Since the defor-
mation of the ground was quickly and almost elastic, the observed deformation may
be caused by the compression of coarse particles in aquifer.

According to detailed observation data, the deformation near the dewatering well
is generally the compressive displacement and the ground surface is concave
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Fig. 5.31 Ground Dewatering well
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upward. The deformation a little far away from the dewatering well is generally the
stretched displacement and the ground surface is convex upward. Between them,
there is an antibending zone, in which the displacement decrease a little and the
stretched displacement will turn into compressive displacement in a few minutes.
The antibending zone will move outward when the drained water amount is rela-
tively large. Figure 5.31 shows the ground deformation around dewatering well in
short time dewatering. The distances from well to the outer edge of the concave
band are different, which vary from 100.00 m to hundreds of meters. These dis-
tances mainly depend on the burial depth of the aquifer, groundwater seepage
velocity, flow and the elastic characteristics of the aquifer and the overlying layer.
The settlement area around dewatering well is usually a circular or elliptic caulbron.
The difference between aquifer’s thickness and lithology makes it not necessarily of
radial symmetry.

In engineering construction, wellpoint dewatering is usually used to eliminate
the threats caused by groundwater. However, the dewatering will lead to ground
settlement, ground cracking, underground pipeline rupture, nearby buildings
cracking,interior floor collapse, which will affect the normal production. Therefore,
in wellpoint dewatering design, this phenomenon should be fully considered, and
appropriate measures should be taken.

In one engineering project, ejector wellpoint is used to dewater. The length of
the wellpoint is 21.00 m, average distance between wellpoints in one row is
2.00 m, and the distance between two rows of wellpoint is 13.30 m. The filter pipe
is laid 2.00 m under the ground surface in confined aquifer. The layout is shown in
Fig. 5.32a. The dewatering demand is to lower the water level 18.00 m below the
surface. After 1-20# wellpoint dewatering 24 h, the water level in observation well
1# and 2# is 19.00 m below the surface. 84 h later, large amount settlement occurs.
The settlement of 5# settlement observation point is about 90 mm (Fig. 5.32b), and
the largest settlement occurs in 3# settlement observation point, where it’s 133 mm,
making the nearby interior floor and brick walls cracked. To reduce the amount of
ground settlement caused by dewatering, recharging while dewatering method has
been taken. Wellpoint 21-29# are used as recharging well, and the total recharging
amount of them is 6.00 m>/h. The total dewatering amount of 1-20# wellpoint is
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9.00 m*/h. Thus, the actual amount of pumped water is 3.00 m*/h, 6.00 m>/h less
than that before recharging. Through observation, groundwater level can be
maintained at a position 18 m below the surface, and the settlement has been
significantly controlled. During 30 days recharging, the settlement of 5# settlement
observation point is about 11 mm, and the maximum settlement of 2# settlement
observation point (inside the dewatering area) is about 76 mm.

To further verify the effect of recharging, another 16 h dewatering with original
wellpoints had been carried out. The ground settlement near the enclosure is
33 mm, which is three times of the settlement in last 30 days. So recharging during
dewatering can significantly reduce the settlement. The effect of recharging is
mainly controlled by ejector rate. Too much injected water may low the perfor-
mance of dewatering, while too little injected water may not control the settlement
well.
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Therefore, the settlement areas of groundwater extraction have the following
characteristics:

(1) The settlement occurs after a certain time of dewatering.

(2) The water body in the formation could have been in a relatively closed condition,
with considerable pressure. After draining of part of it, the pressure drops.

(3) The age of affected stratums are generally not earlier than Paleogene, which
means they are unconsolidated.

(4) The settlement time, range, and degree are corresponding to those of water
pressure decrease, respectively.

(5) In some major ground subsidence area, the layer compaction caused by
extraction of groundwater mainly occurs in unconsolidated and semiconsoli-
dated loose sediments of late Cenozoic, most of which are alluvial and
lacustrine layers.

(6) From the ground settlement observations and tests in dewatering area, it can be
concluded that the settlement is resulted from the layer compaction caused by
water pressure decrease. However, in which layer does the compaction occur,
the permeable aquifer or the relatively impermeable saturated clay layer? In
1959, Polland in America did consolidation tests of medium sand, silty sand,
and clay, and found that the settlement mainly occurs in silty sand layer and
clay layer. Other researchers also have drawn the same conclusion that the
consolidation of saturated clay layer is the major reason for ground settlement.
Sand compression also has some impact.

After years of research on Shanghai subsidence, ten factors that may cause
subsidence can be summarized: rising sea level, new tectonic movement, static
load, dynamic load, natural gas extraction, mining of groundwater, underground
digging, deep sand extraction, artificial filling, and dredging of Huangpu river.
After a comprehensive discussion, excessive exploitation of groundwater is con-
sidered as the dominant external factor, and the compressible saturated clay layer is
the dominant internal factor. Static and dynamic loads, underground digging and
rainfall are secondary factors.

5.9.2 Mechanism of Settlement Caused by Dewatering

5.9.2.1 The Basic Mechanical Effects on Soil Layer During Dewatering

Settlement caused by dewatering can also be calculated by Terzaghi effective stress
principle and consolidation equation.

c=0d+u

where o is the total stress, kPa; o is the effective stress, kPa; u is the pore-water
pressure, kPa.
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When draining the aquifers above or below the saturated clay aquitard, the water
pressure will drop, while the total stress of soil layer will remain constant, the little
change that caused by groundwater diffusion and moisture transfer can be ignored.
The decrease of pore-water pressure will lead to the increase of effective stress, and
further lead to the compaction of soil layer. Because the sand aquifer has good
permeability, in this process, its effective stress will increase with the decrease of
water pressure. Therefore, the aquifer can be regarded as elastomer and the com-
paction takes place instantaneously. If the water pressure regained, most of its
compaction will recover. This compaction is generally small.

In saturated clay layer that can be referred as aquitard or aquifuge, the vertical
penetration and the change of pore water pressure is extremely slow. This makes the
estimation or prediction of the aquifer’s compaction more complex. The increased
effectiveness generates two kinds of mechanical effects, which are the changing of
uplift force between soil particles caused by groundwater level fluctuation and the
osmotic pressure generated by the change of confined water head (Fig. 5.33).

1. Uplift force

Dewatering in the aquifer above the aquitard could easily lead to uplift force
decrease. In accordance with the different above boundary conditions, two cases
may occur:

(1) Disappearance of uplift force

The disappearance of uplift force is due to the decrease of water level, which
makes the buoyant unit weight replaced by saturated unit weight or wet unit weight.
This part of the weight difference is the effective stress of the soil, its value is

/
Ad' =y, Ah (5.43)
o=E+P Groundwater table
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Fig. 5.33 Stress change during water head decrease in confined aquifer
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where Ad’ is the increase of effective stress after dewatering, kPa; Ah is the
thickness of drained aquifer, m.
Or

= T, Ah (5.44)
e

where S, is the saturation degree of soil; e is the void ratio; y,, is the unit weight of
water, KN/m?>.

The disappearance of uplift force usually occurs in the compression layer
(aquitard) below saturated sand layer. During shallow wellpoint dewatering, the
decrease of phreatic water table will lead to ground settlement because of the
disappearance of uplift force.

(2) Reduction of uplift force

During dewatering, the pore-water pressure of up boundary decreases, trans-
ferring the load from pore water to the oil skeleton as effective compression load.
This is equivalent to add an extra load on the top of the compression layer. This
situation occurs when the compression layer is under a thin sand layer that can be
regarded as aquitard. Dewatering cannot directly cause the change of unit weight of
soil, but it can lead to the reduction of uplift force. Equation (5.44) is still available
for the calculation of the decrease. However in this case, S; = 1, so

(I4ex1)

Ad’ =
? 1+e

VAR = p AR (5.45)

The meanings of the symbols are the same with the former.

Equation (5.45) shows that the maximum effective stress of compression layer
caused by uplift force is the product of water level change and the unit weight of
water.

2. Osmotic pressure

The decrease of water pressure in aquifer results in the water pressure difference
between the boundaries of aquifer and saturated clay layer (aquitard), and breaks
the balance of the original pore-water pressure. In this case, the pore-water in clay
layer will penetrate into sand aquifer until the water pressure reaches a new balance.
This pressure that is applied to the clay particles skeleton is called osmotic pressure
or hydrodynamic pressure. Osmotic pressure is a body force with directionality.
When the water head decreases by Ah, the average osmotic pressure within the
range of compression is

B YwAh
2

AP (5.46)

The meanings of the symbols are the same with the former.
Osmotic pressure also is the average increment of effective stress on the entire
clay layer.
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5.9.2.2 Effect of Osmotic Pressure on the Process of Soil Compaction

There is a clay layer with thickness of H. The pore-water pressure distribution with
depth is shown in Fig. 5.34 as ABCD. When the dewatering of the underlie layer
begins, the water pressure CD suddenly decreases to CE, and the water pressure AB
remains unchanged. Therefore, the water pressure of planes that is represented by b,
¢, d, and e cannot decrease in time, and a large hydraulic gradient is formed.

When the water of plane a discharges, the pore-water pressure distribution
between plane a and plane b is uneven, leading to pore water draining from plane b
to plane a and soil layer compression. Then the uneven pore water pressure dis-
tribution between plane b and plane c leads to pore water draining from plane c. In a
similar way, the pore water pressures of plane d and plane e decrease with the
increase of effective stress. The pore water drains gradually to the CD direction with
time and the soil layer is gradually compacted.

Theoretically, when the time reaches t,,, pore water pressure distribution will
approach to AE, reaching a new balance state. The hydraulic gradient of each point
is constant, so that no water is discharged, and the compaction effect of osmotic
pressure on soil is also temporarily ended.

Fig. 5.34 Pore-water A B
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5.9.3 Impact of Changes in Groundwater Level on Soil
Deformation

In loose or semiconsolidated marine or continental sediment alluvium or diluvium,
aquifers are usually formed by coarse sand, medium sand, and fine sand, while
aquitard or aquifuge are formed by clay layers between sand layers. If dewatering in
these layers is on a larger scale and in a very long time, the confined water head will
drop and the regional cone of depression will form. The decrease of confined water
head will result in the decrease of pore water pressure of sand aquifer and of the clay
layers above and below it, which will further lead to the increase of effective stress so
that these layers will be compressed. This will ultimately lead to ground settlement.
Apparently, the stratum structure, lithofacies characteristics, dewatering last time,
and the value of water level decrease determine the settlement range, degree, and rate
of that area. In most cases, the settlement is nonelastic and permanent.

According to Terzaghi one-dimensional consolidation theory, the completion of
the consolidation process and the adjustment of confined water head in the
fine-particle soil layer will take some time. The consolidation time ¢ is determined
by the following formula:

_ T.H?

t
o

(year) (5.47)

where T, is the time factor, year; H is the thickness of aquifer (in m), when the
aquifer is drained for two sides, it is H/2; C, is the coefficient of consolidation or
hydraulic conductivity:

C, = K (em? /year) (5.48)

S

where K' is the hydraulic conductivity of saturated clay soil layer, m/day; p is the
specific storage. According to Ukraine Waldron,

o = me (m ) (5.49)

where m, is the coefficient of volume compressibility, kPa™'; y,, is the unit weight
of water, KN/m®.
And

ap.1-0.2Vw _ Tw
1+e Eo1-02

fty = myp, = (5.50)

where Ej 1—g is the volume compression modulus, kPa; ag 1 is the compression
coefficient, kPa!; e is the void ratio.

Us 1s the ratio of water density to the volume compression modulus. According to
Eq. (5.48), C, is proportional to soil hydraulic conductivity. The lower the
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hydraulic conductivity is, the smaller the value of C, is. Therefore, the compression
rate in silty clay and clay layers depends on the pore water discharge rate. The time
required for complete consolidation in thick clay layer often takes hundreds of
years. A thin layer of clay soil also needs decades or longer. The main compaction
process of sand and silty sand aquifers can be completed in a relatively short time
after the water head dropping.

5.9.4 Differences Between Load Consolidation and Osmotic
Consolidation

In 1925, Terzaghi raised the consolidation theory of soil. It was first applied to
estimate the consolidation caused by ground loading (load consolidation), and later
applied to estimate the consolidation caused by dewatering (osmotic consolidation).
The later can be estimated in a relatively deep range according to the former
method. However, there are some differences between them.

5.9.4.1 Features of Load Consolidation are as Follows

(1) Area of loading is small, and the stress decreases with depth.

(2) The load gradually increases since the beginning of construction, and then
remains unchanged.

(3) For compressible fine-particle layer with low permeability, the increased stress
is initially borne by the pore-water pressure, which is similar with the process
of standard loading.

(4) During loading, the ultrahydrostatic pressure is generally allowed to fully
dissipate until balance, so that the effective stress can be basically up to the
final value if ignoring the secondary consolidation.

(5) The main consolidation layers are relatively less, so that enough undisturbed
soil samples can be obtained for laboratory tests, and the change process of
pore-water pressure can be easily observed in natural soil layers.

5.9.4.2 Features of Osmotic Consolidation are as Follows

(1) The area with significant settlement generally extends to around tens of
meters, even up to several hundred meters in large-scale dewatering area.

(2) The load generally increases during whole construction period, and its value
also often changes, the possible maximum can be 1-2 kPa. The change of
stress that is caused by seasonal water level change may reach several times to
the average annual increase in value.
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(3) The total soil stress is unchanged except in the condition that water lost due to
compaction. However, if the water level changes, soil stress will also change.

(4) The seepage pressure is referred to the pressure change caused by confined
water head decrease and phreatic water level drop.

(5) Because the water head fluctuates over time, in aquitard pore-water pressure is
hard to achieve equilibrium with the adjacent aquifer.

(6) If the entire compressed stratum is thick and with a lot of aquitard, for
example, in one of the Shanghai projects the drawdown is more than 30 m, its
vertical and horizontal permeability vary considerably. Therefore, horizontal
and vertical undisturbed soil samples should be taken for laboratory tests, and
different piezometers should be placed to observe the changes in pore-water
pressure, which generally cost a lot.

5.9.5 Relationship Between Settlement Rate
and Groundwater Pressure

The research in Japan and America shows that:
(1) There is a linear relationship between the settlement rate in clay soil layer and
the groundwater pressure of aquifer, as shown in Fig. 5.35:

U =k(H — Hy) (5.51)
where U is the settlement rate, mm/d; H is the initial water level, m; H is the

average water level during observation period, m; & is the slope of the correlation
curve.
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When water level is lower than a certain limit, the slope of the correlation curve
will decrease, and the above relationship no longer meets the linear correlation, as
shown in Fig. 5.36. This is due to the confined aquifer pressure decay. The soil
stress will lead to the rearrangement of soil particles, with the change of stress—
strain constant. So when the water table is reduced to a certain level, month set-
tlement rate will decrease.

(2) The total ground settlement is calculated by adding layered settlement of
different soil layer with different thickness. For each layer, its compression rate is
related to the total water level decrease amount (H — Hy) and the water level
difference AH for the same period. The total compression rate is

n

U= a(H—Hy)+ > bAH (5.52)

i=1

where a;, b; are characteristic coefficients assigned to the ith layer. Other symbols
have the same meaning with the former.

(3) The relationship expressed by former two formulas is not reversible. That is
every time the reduction of groundwater level will lead to the consolidation of soil
layer, however the recovery of water level will not lead to the same resilience
amount as consolidated. In most cases, the recovery of water level just stops or
slows down the ground settlement. The explanation for this phenomenon is: the soil
is a plastic or viscoelastic material that its deformation includes not only the relative
displacement of soil particles but also the change of soil microstructure and the
rearrangement of soil particles. Thus, under a certain stress, the settlement not only
occurs in shallow saturated soft clay layer, but also occurs in the deep hard clay
layers and sand layers.
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5.9.6 Calculation of Wellpoint Dewatering Influence Range
and Ground Settlement

The calculation of wellpoint dewatering influence range and ground settlement can
be learnt from the existing examples of similar projects, or adopt some simple
estimate methods.

5.9.6.1 Calculation of Wellpoint Dewatering Influence Range

The radius of dewatering influence range R can be estimated by Coosa-King
formula.

The radius of influence is greatly influenced by the stratified soil layers. In soft
soil area, the radius of influence can achieve up to 84 m in sandy silt soil layer. The
radius of dewatering influence in important project should be determined by
dewatering tests.

5.9.6.2 Calculation of Ground Settlement

Calculation methods of ground settlement caused by dewatering are basically of
three types:

(1) Using classic formula of consolidation theory.
(2) Using the stress—strain relationship and correlation.
(3) Using semiempirical formula.

Here are several formulas and methods that adopted domestic and overseas
before.

1. Settlement calculation of clay soil

(1) In Tokyo Japan, one-dimensional consolidation theory is adopted to calculate
the total settlement amount and predict settlement amount in a number of years,
shown in Fig. 5.37. The basic form of this formula is

C. . Py+AP
lg——

Si1+2=H
142 Treo Po

(5.53)

where S, is the total settlement amount (in m), including primary and secondary
consolidations; e is the void ratio before consolidation; C. is the compression
index of soil; Py is the vertical effective stress before consolidation, kPa; AP is the
increment of vertical effective stress after consolidation, kPa; H is the thickness of
the soil before consolidation, m.

In practical engineering project, the calculated settlement is close to the observed
settlement value.
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(2) In Shanghai area, one-dimensional consolidation formula is used to calculate
the settlement, which is superposition of the settlements generated by different
water pressures. For the calculation parameters, first take test data as reference and
revise it by trial method, then backcalculate it by field-measured data. The main
steps are as follows:

(1) Analyze the stratum structure of subsidence area, group them according to
engineering geological and hydrogeological conditions, and then determine the
settlement layer and stable layer.

(2) Draw measured and predicted curves of groundwater level changes over time
(months or 10 days).

(3) Calculate the final settlements S, (cm) of every water head difference.

n

ap.1-0.2
Soo = APH 5.54
; 1+eo ( )
or
AP
See =——H (5.55)
Eo1-02

where ¢ is the initial void ratio; H is the thickness of calculated soil layer, m; AP is
the stress increment of soil layer caused by water level change, kPa; ag o> is the
compression coefficient (in kPa~'), for the condition of recharge, replace it as
Lte s the compression modulus (in kPa), for

ap.1-0.2
1+e
as

resilience coefficient ag; Ey1_02 =

the condition of recharge, replace it as resilience modulus E, =
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(4) Calculate the settlement S, (mm) of every water level difference as selected
time lag (months or 10 days):

St = S (5.56)

where u, = f(T,) is the consolidation degree, for different stress situation, there are
different approximate solutions:
For rectangular stress distribution (infinite uniform load)

8 »
up=1- ?677Tv (5.57)

For triangular stress distribution

32,
=122 5T, (5.58)

4
where T, is the time factor.

(5) Superimpose the settlement or resilience value of every water level different
by a month or 10 days will get the total settlement or resilience value in that time,
and the settlement versus time curve can be drawn.

(3) Back calculate the parameters according to stress—strain relation.

In America, Lyle calculated the settlement of a certain dewatering area in the
central North American continent according to measured stress—strain relation on
the basis of one-dimensional consolidation theory.

(1) Back calculate the unit storage p, of aquifers according to measured data.

S
Wo== (5.59)
m

where m is the thickness of aquifer, m; Sy, = % is the unit deformation of soil layer
in elastic stage, cm/m; Ah is the water level change, m; Am is the soil deformation
(compression or resilience), cm.

(2) Calculate the coefficient of volume compressibility m, or coefficient of

resilience mg of aquifers.

(5.60)

Lyle backcalculated the m, of whole aquifers of California Pixar area.

my = (3.6~5.9) x 107 (kPa™!)
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For aquitard
my =7.5x107(kPa™")

Predict the settlement according to m, based on the previous principles.

2. Settlement calculation of sand soil layer

Sand aquifer generally has good permeability, in which deformation can be
completed in a short time, so there is no need to consider the hysteresis. Settlement
can be calculated by the elastic deformation formula.

One-dimensional consolidation formula is

A
As = AR (5.61)
Eo1-02

where AS is the deformation of sand soil layer, cm; A# is the change of water level,
m; H is the initial thickness of aquifer, m; Eq _g, is the compression modulus of
aquifer, kPa.

3. During dewatering, soil layer deformation usually may not occur in the soil
that blow the dewatering table significantly, but will occur in the soil between the
initial water table and the dewatering table, because here the added weight stress
will soon lead to soil layer settlement due to good drainage condition. This part
deformation is the main settlement caused by dewatering. Thus the settlement can
be estimated by the following formula:

S = APAH/Ey1 o, (5.62)

where AH is the drawdown, m; AP is the additional weight stress caused by

dewatering (in kPa), which can be calculated as AP = AZVW, and AH = %AH 5 Vw 1S

the unit weight of water, g/cm3; Ey1_9, is the compression modulus of aquifer
(in kPa), the value can be determined by soil test data or foundation code of
Shanghai area.

For example, the wellpoint dewatering is used in the perpendicular shaft

excavation in Pudong Tangqiao, Shanghai. This area is silty sand layer, where
JAHY,,

Eo.1-02 = 4 MPa, drawdown is AH = 12 m, AP = >~ = 30 kPa, so the calcu-
lated settlement is S = EAOIT iﬁ = 9 cm. The measured real settlement is 8.4 cm in

70 days.

4. Estimate impact of deep well dewatering on the environment.

The drawdown of deep well can be larger than 15.00 m, and the filter pipe is
usually set in the sand soil layer, whose hydraulic conductivity is greater than 10~
cm/s. The suction port of deep well pump is appropriately 1.00 m higher than well
bottom and 3.00 m lower than the dynamic water level in well.

The purpose of the deep wellpoint dewatering in soft soil area mostly is to
reduce the confined water head in deep sandy soil. Its impact on the environment
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depends largely on the distribution of soil, which can be estimated by following
basic principles:

(1) When there is a hard clay layer on top of dewatering sand soil layer, it can be
regarded as closed boundary state to calculate the settlement, which is only con-
sidered the settlement of this sand layer. Engineering practice shows that in this case,
the impact of deep wellpoint dewatering on the environment is relatively small.

(2) The settlement of dewatering sand layer can be calculated by Eq. (5.62).
Because this layer is generally deep, its compression modulus usually can be more
than 100 MPa. If the aquifer’s thickness is 2.00 m and the drawdown is 20.00 m,
so that AP = 200 kPa and the settlement is § = %%%ﬁg? =4 x 103m = 4mm. It
can be seen that the settlement of sand soil layer is relatively small.

(3) If there is no hard clay layer on top of dewatering sand soil layer and the
dewatering time is relatively long, the settlement should be considered as the over-
laying soil consolidation deformation that is caused by reduced water head AP. The
specific calculation method should be carried out according to the actual distribution
of the soil and with reference to the calculation method in soft soil area. In this case, the
impact of deep wellpoint dewatering on the environment is relatively larger.

5.9.7 Precautions of Adversely Affects on Environment
Caused by Wellpoint Dewatering

Wellpoint dewatering plays an important role in the construction of municipal
engineering, but necessary precautions should be taken to prevent adverse affects on
environment caused by wellpoint dewatering.

5.9.7.1 Doing Research Work on the Surrounding Environment

(1) Make a thorough investigation of engineering geology and hydrogeology
conditions, and write detailed geological prospecting report, which should
include stratigraphic distribution, conditions of permeable layers and lenses
and their connection with other aquifers, variation of water level, hydraulic
conductivity, void ratio, compression coefficient of different stratums, and so
on.

(2) Identify underground water storage bodies, such as the distribution of sur-
rounding ancient underground rivers, ancient pools, to prevent the penetration
of wellpoint and underground water storage bodies.

(3) Identify the distributions, ages, and bearing capacity of differential settlement
of water pipes, sewer pipes, gas pipes, telephone cables, electric transmission
lines, to consider whether they need advance reinforcement.

(4) Make a thorough investigation of surrounding aboveground buildings and
underground structures, including foundation type, upper structure type,
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location in the dewatering area, and bearing capacity of differential settlement.
Before dewatering, find out the settlement over past years and current damage
degree of those buildings and structures to determine whether they need
pre-reinforcement.

5.9.7.2 Use Wellpoint Dewatering Reasonably to Minimize Its Impact
on the Surrounding Environment

Dewatering is bound to form a cone of depression, resulting around ground set-
tlement. However, as long as wellpoint dewatering is used reasonably, such effects
can be controlled within the surrounding environment-bearing capacity.

(1) Prevent the loss of fine particles. Always pay attention to whether the
extracted groundwater is mudflow. The loss of fine soil particles will not only
increase the ground settlement, but also block the well pipe and invalidate the
wellpoint. To avoid this, an appropriate filter must be chosen based on the property
of the surrounding soils, and meanwhile, more attention should be paid to the bore
and the sand filter quality. Silt layers of soft soil area always extend horizontally, in
which agitation should be minimized during drilling. In soft soil area, filter pipe
should be laid in sandy layer. Casing method can be used, if necessary, and sand
filter should be carefully prepared according to gradation.

(2) Decrease the slope degree of the cone of depression properly. On the premise
of the same drawdown, the gentler the slope is, the greater the influence area is and
the smaller differential settlement is, so there is smaller damage to the underground
pipes and structures. The filter pipe should be horizontal continuously arranged in
sandy soil layer based on the geological prospecting report to get a gentle
depression curve, so that to minimize the influence on surrounding environment.

(3) Wellpoint should run continuously to avoid repeated and intermittent
dewatering. In principle, light wellpoint and ejector wellpoint should be laid in
sandy soil layer, of which the settlement caused by dewatering is small except for
loose ones. However, field and laboratory tests show that repeated and intermittent
dewatering can lead to a large amount settlement, though it will tend to be a steady
value. Thus the repeated and intermittent dewatering should be avoided.

(4) Avoid quicksand and large settlement caused by confined water during pit
excavation. Figure 5.38 shows that there is a thin layer of clay and a relatively thick
layer of silty sand under the foundation bottom, and the wellpoint only reach the
bottom of the pit. In this condition, this layer of clay will bear the water pressure
difference as, AP = (h — hy)y,, so that quicksand may occur. In this case, it is better
to make the wellpoint punctured into silty sand layer to lower the water head. By
this way the confined water pressure will be released to make the pit bottom more
stable.

(5) Avoid the penetration between wellpoint and nearby water storage body,
which may lead to water head decrease then further lead to quicksand. In this



5.9 Impact of Wellpoint Dewatering on the Environment and the Prevention 257

Wellpoint
m" Initial groundwater table
~——Y_
= =
~ \\ \ Depressed unconfined water table
ANEEAN :
/ N Silty sand -
NN i .
Depressed confined  \ | — = R e ‘
water table . . % Z ] .
Clay ] ’ )

Silty sand . . AP=(h-h)Y,

Fig. 5.38 Prevention of quicksand

condition, water-resisting wall should be built between the wellpoint and nearby
water storage body.

(6) Inside wellpoint dewatering can reduce the adverse impact on the sur-
rounding environment. The wellpoints that circlewise set inside the sheeting piles
and underground diaphragm wall are called inside wellpoints. Sheeting piles that as
lateral supporting should be close enough to each other and 2.00 m deeper than the
wellpoints, so that the adverse impact on the surrounding environment can be
greatly reduced and the dewatering can go well.

(7) Closed ejector wellpoint system can be used in step-slope excavation pit,
where the sandy soil layer is at a certain depth below the pit bottom. Wellpoints can
be placed on the surrounding platform that is 2.00-3.00 m lower than the ground
surface, or wellpoints can be placed closer to the pit center to reduce the range of
influence. The outside depression slope that is caused by ejector wellpoint system is
steeper and the influence area is smaller so that the settlement region can be con-
trolled in the range of 2.00-3.00 m, as shown in Fig. 5.39. This arrangement is
more reasonable than arranging ejector wellpoint on the ground surface surrounding
the pit or using multistage wellpoint, for not only reducing the impact on envi-
ronment but also saving the dewatering cost.

Influence range of wellpoint dewatering ‘

—

Depressed water table

Move right away to narrow the influence range

Fig. 5.39 Wellpoint arrangement for reducing settlement influence range
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(8) Not apply wellpoint blindly to those soil that is not suitable for wellpoint
dewatering, especially to those clay layers without sand interlayers. The hydraulic
conductivity of these clay layers is always no more than 10”’ cm/s, which means
they are impermeable and light wellpoint and ejector wellpoint are useless.
Meanwhile, their own shear strength is enough to maintain the stability of pit wall
during excavation. The needs to increase the depth of the excavation can be meet by
decreasing the slope degree or deepening the lateral supporting sheeting pile.

5.9.7.3 Set Recharge Well System at the Edge of the Conservation
Area

Wellpoint dewatering will lead to unavoidable water table decrease and differential
settlement, so that lots of ground buildings and underground structures and
pipelines will subject to different degrees of damage. To eliminate such effects as
much as possible, set recharge well system at the edge of the conservation area.

(1) The arrangement of recharge wellpoint is similar to the arrangement of
dewatering wellpoint. Recharge wellpoint system also includes one pump and one
water storage tank. Water that pumps out from dewatering well is sent to storage
tank, then to main water ejector tube. Redundant water can be drained away by
drainage ditch.

The filter pipe of recharge well is usually 2.00-2.50 m, which is longer than that
of dewatering well. Coarse sand can be filled between well casing and borepipe as
filter layer.

(2) The recharge water often includes F.(OH), precipitate, active rusting and
insoluble substances that can accumulate inside the recharge well pipe. Thus during
recharging, the ejector pressure should be escalated to maintain stable recharge
quantity. For a longer period recharging project, apply a chemical coating on the
well pipe and set filter screen on the entrance and the exit of the water storage tank
to slow down the blocking. During recharging, water should be kept clean.

(3) Observation wells should be set in recharging area to continuously record the
change of water table. Adjust the ejector water pressure to keep the water table in
the original state.

5.9.7.4 Set Water-Proof Curtain

Set water-proof curtain around the excavation area can reduce the impact on the
surrounding environment to a small degree. Common water-proof curtain types are
the following:

(1) Deep mixing piles water-proof curtain

Deep mixing piles water-proof curtain is constructed by overlap method. Mixing
cement and soil will generate chemical reaction. The permeability of this mixing
body is no more than 1077 cm/s, to form a continuous water-proof wall. It can be
arranged behind the steel sheet piles, or be used as a lateral supporting structure.
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(2) Mortar cutoff sheet piling

Drive a row of H-shape steel piles in the position of water-proof wall. Inject
cement mortar and at the same time pull out the steel piles to form a circle of mortar
cutoff sheet piling. The H-shape steel piles can be 20-30# and the key to success
construction is keeping the piles vertical and closely contact.

(3) Root pile water-proof curtain

The root piles are with a diameter of 100200 mm. Pressing the pure cement
paste to form piles as water-proof curtain and there are no rebar in them. General
engineering geological drilling rig can be used in construction, and use hop beat
process to prevent perforation. The key to success construction is keeping the piles
vertical and no collapse and necking phenomenon. The casing can be used as
assistive means if necessary.

5.10 Case Study

Shown as Fig. 5.40, a rectangle foundation pit with underlying soil layers as in
Table 5.23, should consider the dewatering design during excavation. The
hydraulic conductivity of sands K is around K = 0.002 m/s; the groundwater table
is 1.5 m at depth from the ground surface; the requirement of drawdown is 4.5 m
for safety. The curve of drawdown in the foundation pit center is 0.5 m lower than
the foundation base. As hydraulic conductivity of sands is relativity large, deep well
wellpoint dewatering is needed and partially penetrated well is applied in diameter
of 15 cm. Construction site surrounding is farmland.

The plane arrangement of dewatering well is presented in Fig. 5.40 and
Table 5.24. Please determine

Table 5.23 Properties of soil layers

Soil type Depth Void Specific Liquid Plastic Plasticity Granulometry
(m) ratio gravity limit (%) limit (%) index Sand |Silty |Clay
Gray silty | 0-1.07 0.88 2.73 30.1 213 8.8 13 76 11
clay 1.07-1.86 2.70 29.4 21.7 7.7 10 80 10
Gray silty | 1.86-2.59 2.72 16 80 4
sand 2.59-3.14 | 0.94 2.69 16 78 6
3.14-3.81 |0.86 2.68 28 70 2
3.81-4.66 2.68 38 60 2
4.66-5.48 2.68 38 65 2
Gray silty | 5.48-6.40 2.69 28.1 23.2 5.5 15 78 7
clay 6.40-7.62 2.70 96 4 0
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Fig. 5.40 Plane arrangement of dewatering well
Table 5.24 The distance of each well to the foundation pit center
ry =12.00 m re = 17.46 m rip=12.73 m rie = 20.81 m ry = 1471 m
r,=12.73 m r; = 17.46 m rip = 12.00 m ry7 = 17.46 m r = 1273 m
I3 = 1471 m rg = 20.81 m riz = 1273 m rig = 17.46 m
Fq = 17.51 m Fg = 17.51 m Fiq4 = 1471 m I = 20.81 m
r5=20.81m rio = 1471 m ris = 17.51 m o = 17.51 m

1. The buried depth of dewatering well;
2. Check the drawdown of the pit center by calculation;
3. Estimate the water discharge when the drawdown equals to 4.5 m in the center.

5.11 Exercises

1. What is the principle of light wellpoint dewatering? How about the application
conditions? How to design the light wellpoint dewatering program? What are
the common problems and how about the reasons? How to prevent them?

2. What is the principle of ejector wellpoint dewatering? How about the applica-
tion conditions? How to design the light wellpoint dewatering program? What
are the common problems and how about the reasons? How to prevent them?

3. In what conditions are the tube wellpoint dewatering usually used? What are the
common problems and how about the reasons? How to prevent them?
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4. What is the principle of electroosmosis wellpoint dewatering? How about the
application conditions?

5. What is the principle of recharge wellpoint dewatering?

What should be monitored during the dewatering engineering?

7. What is the mechanism of ground settlement caused by dewatering? How to
prevent it?

o



Chapter 6
Dewatering Well and Requirements
of Drilling Completion

6.1 Structural Design of Dewatering Well

Compared with pumping-test well, dewatering well has the same basic structure and
function of each part. In loose sediments, both are composed of well pipe and
surrounding back-fill material. Well pipe consists of wall, filter tube (filter) and
sedimentation tube, and other parts.

Generally, requirements of well pipe are as follows: well pipe should not bend;
its inner wall should be smooth, round, and even. The thickness of the wall should
be suitable with a certain tensile strength, compressive strength, shear strength, and
bending strength; the porosity of the filter should be large enough.

6.1.1 Determination of Well Pipe, Depth and Diameter
of Drilling

1. Drilling depth
According to specific requirement of dewatering or embedded depth and length
of the filter, the depth of drilling is determined.

2. Well pipe and drilling diameter
Casing structure of dewatering well can use a type of diameter (as shown
Fig. 6.1). Based on the premise of dewatering requirement, the designed casing
structure should be as simple as possible in order to save pipes and make
construction convenient.

Drilling diameter is mainly dependent on designed discharge of dewatering well,
ability of well-digging equipment, types of well pipe, filter diameter, and thickness
of artificial gravel pack.

In loose sediments as shown in Fig. 6.1, drilling diameter should be the sum of
well pipe diameter and double diameter of gravel pack. Well pipe diameter depends
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on pump type determined by designed water discharge, and thickness of gravel
pack depends on aquifer lithology.

Example
Designed discharge of dewatering well is 80 m*/h, and installing deep-well pump
inside well pipe is required. Choose 200JC80-16 x 3—type deep-water pump (or
200JCk80—16 x 3—type deep-well pump, or 8JD80 x 10—type deep-well
pump). This type of deep-well pump requires the well pipe diameter to be
> 200 mm (or 8 in).

Specific descriptions of deep-well pump model:

200 minimum diameter of the pipe applicable to the pump, mm;

JC long axis centrifuge deep-well pump (the impeller is closed);
JCk long axis centrifuge deep-well pump (the impeller is semi-open);
80  flow discharge, m3/h;

16  single-stage lift head, m;

3 stage number (the number of impeller);
8 minimum diameter of the pipe applicable to the pump, in;
J deep-well multistage pump;

80  flow discharge, m3/h;
10 impeller number.
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Table 6.1 Allowable flow

e . Permeability coefficient of Allowable flow velocity into
velocity into the pipe aquifer (m/d) the pipe (m/s)
>122 0.030
82-122 0.025
41-82 0.020
20-41 0.015
<20 0.010

In addition, when determining the pipe diameter in loose aquifer, we should also
use allowable flow velocity into the pipe to recheck pipe diameter. In other words,
filter diameter should meet the following requirements:

0

!
n lnVallowable

D> (6.1)

where D is the filter diameter, m; Q is the designed discharge, m?/s; [ is the working
length of filter, m; n is the effective porosity of water-inlet surface in the filter
surface, which is generally considered as 50 %); V) wanie 1S the allowable flow
velocity into the pipe, whose value can be determined according to Table 6.1.

6.1.2 Design of Filter in Well Pipe

In addition to preventing the collapse of the well wall and prolonging the life of
pipe well, its main role is to prevent fine particle of outer-well aquifer into the well,
reduce the flow resistance, increase the catchment area, and increase the water
discharge.

In order to increase the amount of water discharge, flowing resistance of
groundwater into the pipe must be minimized. Turbulence friction loss near well-
head and friction loss of groundwater flowing through the filter section are the
maximum among the resistance. To reduce friction loss, the permeability of well
walls must be increased. The most effective way is to make the correct choice of
filter types, increase the thickness of gravel pack, and select filled gravel type which
adapts to the nature of the aquifer. Thus, on one hand, proper selection of the filter
type is the key to get the maximum water discharge and minimum sand content in
the water; on the other hand, it is directly related to the efficiency and lifetime of
well pipes.

From Figs. 6.2 and 6.3, reasonable length of filter is obviously related to
drawdown and water yield; it also relates to the thickness and permeability of the
aquifer, diameter of the filter, and other factors. Reasonable length of filter can be
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directly determined by stage pumping tests, and [, in Fig. 6.2 can be calculated
according to the empirical formula (found in the relevant manuals) established by
pumping tests. Based on local stage pumping experience, when the thickness of the
aquifer is large, the reasonable length of filter is generally between 20 and 30 m.

6.1.2.1 Several Commonly Used Filter Types and Selection

There are many types of filters, and the following lists the commonly used types:

1. According to the type of material, there are steel or iron-cast filters, gravel
cement filters, rigid plastic (polyethylene) filters, etc.

2. According to the form of filter pores, there are circle-hole filters, band-hole
filters (as shown Fig. 6.4), bridge-hole filters, brim-hole filters (as shown
Fig. 6.5), etc.
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H : Dead zone length L : Filter length D : Diameter

Fig. 6.5 Structure of a molded filter

3. According to the filter structure, there are steel frame filters, wire-wrapping
filters, mesh-packaging filters, cage or basket-shaped filters, gravel-attaching
filters,molded filters etc., as shown in Fig. 6.4.

The commonly used iron-cast and wire-wrapping filter structure is shown in
Fig. 6.6, and molded filter structure is shown in Fig. 6.3. For the technical speci-
fications refer to the manual.

According to Table 6.2, different aquifers can select applicable or available filter

types.

6.1.2.2 Structure of Gravel-Pack Filter

Gravel-pack filter consists of drainage pipe and gravel pack of outside well.
Wire-wrapping filter, mesh-packaging filter, and molded filter are commonly used
as drainage pipe, and they are made of steel pipe, iron-cast, reinforced concrete.
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Fig. 6.6 Iron-cast and wire-wrapping filter structure

Table 6.2 Filter types applicable for different aquifer

B : Hole center lateral distance

H,, H,: Dead zone length

Aquifer lithology

Applicable filter types

Available filter
types

Fine sand, silty sand

Double-layer
gravel pack filter

Molded-hole
filter

Medium sand, coarse sand,
gravel sand, debris soil with
dz() <2 mm

Single-layer gravel
pack filter

Debris soil with dyg > 2 mm

Skeleton filter or
single gravel pack
filter

Single-layer
gravel pack
filter

Wire-wrapping

filter

Bedrock fissure cave (with sand
filling)

Single-layer gravel pack filter

Bedrock fissure cave (without
sand filling)

Skeleton filter

Not broken bedrock

Without filter

Gravel pack specification can be determined by the following formula:
When 5 < 10, and aquifer is sand, then

Dsop = (6—8)dso

(6.2)

where # is the uniform coefficient of aquifer; Dsq and ds is, respectively, particle
diameter of 50 % cumulative percentage weight in the grain size distribution curve

of gravel pack and aquifer.

When 5 > 10, coarse particles of screening samples should be first removed until
1 < 10. According to the grain size distribution curve, ds is determined; and gravel
diameter is determined based on Eq. (6.2).
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For gravel aquifer, in which ds, is more than 2 mm, then:
Dsp = (6—8)dy (6.3)

where d, is corresponding particle diameter of 20 % cumulative percentage weight
in the grain size distribution curve of aquifer.

When d,q is more than 2 mm, gravel of 10-20 mm diameter or no gravel is
necessary. Outer gravel specification of double-layer gravel pack filter can be
determined by the above method. Diameter of inner gravel is usually four or six
times that of outside gravel diameter.

Thickness of single-layer gravel pack:

In gravel aquifer, it is not less than 75 mm; in coarse sand aquifer, it is 100 mm;
in silty, fine or, medium sand aquifer, it is not less than 100 mm.

Gravel pack specification of well and screen slot size requirement of filter are
determined as in Table 6.3.

Table 6.3 Specification of gravel pack in the well pipe and screen slot size of filter

Type of | Gradation result Specification | Thickness | Screen Specification of

aquifer of uniform of gravel slot size | semi-uniform
gravel pack pack (mm) | of filter gravel pack
(mm) (mm) (mm)

Cobble It accounts for 80— 15-20 75-100 2-3 12-25

90 % as particle
diameter is more than
3 mm

Gravel It accounts for 80— 10-12 75-100 2-3 8-20
90 % as particle
diameter is more than
2.5 mm

Gravel It accounts for 80— 6-8 75-100 2-3 5-12
90 % as particle
diameter is more than
1.25 mm

Gravel It accounts for 80— 5-6 75-100 2-3 4-10
90 % as particle
diameter is more than

1 mm
Coarse It accounts for 60 % as | 4-5 100 1.5-2 3-8
sand particle diameter is

more than 0.75 mm
Coarse It accounts for 60 % as | 3—4 100 1.5-2 2.5-6
sand particle diameter is

more than 0.6 mm
Coarse It accounts for 60 % as | 2.5-3 100 1.5 2.0-5
sand particle diameter is

more than 0.5 mm

(continued)
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Table 6.3 (continued)

Type of | Gradation result Specification | Thickness | Screen Specification of
aquifer of uniform of gravel slot size | semi-uniform
gravel pack pack (mm) | of filter gravel pack
(mm) (mm) (mm)

Medium | It accounts for 50 % as | 2.0-2.5 100-200 1 1.54
sand particle diameter is

more than 0.4 mm
Medium | It accounts for 50 % as | 1.5-2.0 100-200 1 1-3
sand particle diameter is

more than 0.3 mm
Medium | It accounts for 50 % as | 1.5-2.0 100-200 1 1-3
sand particle diameter is

more than 0.25 mm
Fine It accounts for 50 % as | 1.0-1.5 100-200 1 0.75-2
sand particle diameter is

more than 0.2 mm
Fine It accounts for 50 % as | 0.75-1.0 100-200 0.75 0.5-1.5
sand particle diameter is

more than 0.15 mm
Silty It accounts for 50 % as | 0. 5-0.75 100-200 0.75 0.5-1.0
sand particle diameter is

more than 0.1 mm

Thickness of double-layer gravel pack:

Thickness of inner gravel is 3050 mm; thickness of outer gravel is 100 mm. Four
spring-steel plates and other protective devices should be set up at the top and
bottom of inner cage in the double-layer gravel pack filter.

Circular or nearly elliptic quartz gravel is used as optional gravel at best, and
uniform coefficient of optional gravel is usually <2. Height of gravel pack is
determined by filter location; at the same time the end elevation should be 2 m
lower than filter bottom and its top should be 8 m higher than filter top.

At the top of first gravel-pack layer, high-quality clay ball is used to seal it to
3-5 m, then clay block is used to infill it to wellhead. When highly mineralized
water layer exists at the top of filter, thickness of clay ball should increase.

When smelly sludge or other adverse aquifer exists at the non-working part of
filter, high-quality semi-dry clay ball must be used to seal this layer with 3-5 m
extended up and down, and the fill volume is calculated by well volume and
compression of the clay balls.
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6.2 Technical Requirements of Dewatering Well
Completion

6.2.1 Water Sealing Requirement for Drilling

Sealing parts should have good watertight performance, large thickness, and relatively
complete drilling segment. Water sealing method and material selection should be in
accordance with the requirements of water sealing and drilling geological conditions.
Clay, kelp, rubber, leather, etc., can be used for temporary water sealing, and clay,
cement, asphalt, and other materials can be used for permanent water sealing.

Commonly used methods in water sealing can be divided into two types, i.e.,
water sealing out of well pipe and water sealing in the well pipe. Although water
sealing out of well pipe with the same diameter or combination method of water
sealing out of well pipe with the same diameter and water sealing in well pipe with
the same diameter has bad effect and is hard to check, they have the following
advantages: their drilling structure is simple; they have high drilling efficiency and;
material usage is small.

6.2.2 Demands of Drilling Flushing Fluid

Theoretically, drilling of dewatering well is best made by water washing. However,
in order to save hole-retaining pipe and improve efficiency, mud drilling is often
used in practice. If mud consistency is too large or wash drilling holes after the
work is not enough, it may have serious adverse impact on the permeability of
aquifer. Therefore, we must strictly control the consistency of mud, which is
generally less than 18 s at best.

6.2.3 Requirements of Drilling Inclination

To ensure pumping smoothly and normally, when drilling depth is <100 m, drilling
deviation shall not exceed 1° in inclination; when drilling depth is more than
100 m, drilling deviation shall not exceed 3°.

6.3 Well Washing

The completion technology of pipe well is quite complex, which contains many
processes and can be summarized into six main steps:

(1) Dirilling into the ground until the borehole meets the designed requirement;
(2) Conducting geophysical prospecting for the borehole completion;
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(3) Measuring the slope of borehole;

(4) Installing well pipes (it contains: the inspection of well roundness and depth;
dilution of the slurry in borehole; inspection of the quality of well pipes;
measurement and arrangement of well pipes; installation of well pipes, and so
on);

(5) Packing gravel and sealing the gaps outside the pipes;

(6) Washing well. These processes are all important, which means improper
operations in any process can lead to the poor quality of pipe wells. These
flaws can affect the water yield and even disable the pipe well.

Well washing is the last and also the most important process in the construction
of a pipe well. The objective of well washing is increasing the water yield and
reducing the sand content of water. For realizing this, well washing can bring out
the fine particles in the aquifer and clear the mud cake attached on the well wall as
well as the slurry, which remains in the well or infiltrates into the aquifer. The
dredged aquifer forms a natural filter around the well and largely increases the
permeability of the material around pipe well. Besides, well washing is also a
crucial measurement to recover the water yield of a pipe well after completion in
construction.

There are two main methods for well washing: mechanical washing and
chemical washing. The former method is more widely applied currently, while the
latter is more promising.

6.3.1 Mechanical Methods for Well Washing

Of all the mechanical methods of well washing, piston washing and air-compressor
washing are most widely used, followed by water pump washing, puncher washing,
and their combined application. The principles of different mechanical well washing
are similar: through changing the pressure and producing washing effect in the pipe
well, the washing equipment can increase the pressure difference and accelerate the
flow velocity of underground water until the well has been cleaned up.

6.3.1.1 Piston Washing

If the drilling mud is applied in the process of pipe well construction, the piston
washing should be conducted immediately after completion of installing well pipes
and packing gravels. Common pistons are made of wood and iron; their structure,
as shown in Fig. 6.7, can be different between those with valves and those without.

The mechanism of piston washing is utilizing the up-down movement of the drill
pipe in the well to clean. Piston washing is usually conducted for each aquifer in
steps. It should be noted that the movement speeds of pipe drills should be
specifically controlled for pipe wells constructed by different materials. The dura-
tion of piston washing is determined by the well depth and aquifer state.
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Fig. 6.7 Structure diagram Drill pipe Y
of iron pistons with (right)
and without (left) the valve Flange plate | _Dirill pipe

Rubber pipe \m

Short steel pipe

Drill pipe | — Steel rod

The efficiency of piston washing is good. Meanwhile, the required equipment for
it is less and the whole processes are simple, which makes this method more
popular. However, the well pipes can be damaged in the clean process if their
strength is relatively low, which could cause sand leaks in the well when the pipe
well is buried in the aquifer of fine soil.

6.3.1.2 Air-Compressor Washing

Air-compressor washing is usually applied after piston washing. This method can
be conducted in two common ways: Concentric washing and jet back-washing.
Based on the pipe well structure, water yield, water level, and so on, we can choose
the appropriate way.

1. Concentric washing
Concentric air-compressor washing is the most widely used well washing
method. “Concentric” means the water pipe and air pipe are arranged concen-
trically, the installation instruction is shown in Fig. 6.8. Aquifers are flushed
every 2-5 m each time. The bottom of the water outlet is commonly fixed in the
treating aquifer until the slurry and fine sand in this aquifer are cleared, then it is
moved to another position. Repeat this process from the well top until all the
expected aquifers are clean.

2. Jet back-washing
As shown in Fig. 6.9, the air pipe and jet are required to be installed inside the
well. One end of the air pipe is connected to the air-compressor by high-pressure
rubber pipe; the length of air pipe is determined through the pressure produced
by air-compressor. Generally, for the air-compressor that can produce
0.686 MPa pressure, the submerged part of the air pipe should be <70 m. If the
well depth is beyond this value, more air-compressors or air-compressors of
higher pressure are required to be applied. Commonly, each 10 m water column
can be calculated as 0.098 MPa in design.
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Fig. 6.8 Installation —————_— Air pipe
instruction of air-compressor M
washing ‘ ——_— Water
————  outlet
< Outlet pipe

s Steady water table

p Dynamic water
table

Mixer

Drill pipe

Fig. 6.9 Installation :%il%j

instruction of jet
back-washing
Air pipe
% Jet
Casing pipe
7]

In this method, the washing process should be conducted by segments, which is
similar to concentric washing. The flow velocity of air in the well is quite high; it
tends to break the wall of borehole. Therefore, the structure of aquifer should be
less disturbed as possible in the whole washing process. Otherwise, the packing
gravel of filter could be damaged. This method is not suitable for (1) pipe wells
whose well pipes are weak; (2) pipe well whose packing gravel layer is thin and;
(3) pipe wells drilled in the silty sand aquifer.

In addition, there are closed back-washing and excitation back-washing; we can
choose the appropriate way to install air-compressor based on the engineering
requirement.

The air-compressor washing is safe and effective, however, the cost is high and
its application is limited by the groundwater depth. Therefore, it is not suitable for
the well whose dynamic water level is deep or the well depth is shallow.
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6.3.1.3 Water Pump and Slurry Pump for Well Washing

There are some other methods available as air-compressor washing is not appro-
priate for a pipe well, as follows:

1. Horizontal centrifugal pump method
For the pipe well with large diameter, large water yield, and shallow water level,
horizontal centrifugal pump with wear-proof wing wheels can be applied to
clean well after thorough piston well washing. The water yield in this process is
required over the designed water yield in the well’s usage period. During well
washing, the centrifugal pump should be used intermittently to clean out the soil
in the well until the well water is clear and the water level is stable.

2. Deep-well pump method
For the pipe well which has deep groundwater, deep-well pump of different
sizes can be applied. The specific processes are similar to the horizontal cen-
trifugal pump.

3. Slurry pump combined with piston method
For the pipe well which is drilled by rotary drilling rig, slurry pump combined
with piston can be applied to well washing after the filter is installed (Fig. 6.10).
After the gravel is filled, washing equipment can be connected to the bottom of
drill pipe. The water or slurry sprayer is used to wash while the piston is pulled
along the well and the waste washing fluid soil is drawn out by slurry
pump. When the filter of a section is cleaned, the drill pipe can be lifted to the
next section for filter cleaning until the whole well is cleaned. Generally, this
method is widely applicable and effective.

Fig. 6.10 Washing jet with

Hoop for drill pipes
piston for well washing

]

Flange plate

[VAVAVAVAVAVAVAVAVAVAV
YATATAVATAYAYAYAY
 ——

| Short pipe

Flange plate

Water nozzle

q Piston piece
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Fig. 6.11 High-velocity hydraulic water jetting for well washing. a Installation instructions
b Schematic diagram of well washing process

4. High-velocity hydraulic jetting

The well washing equipment for high-velocity sprayed water method is shown in
Fig. 6.11, the ejector commonly consists of two (angle 180°) or four jets (angle
90°). In this method, the high-speed flow in the injection pipe will enter into the
filter or aquifer through these jets. Because the energy of the high-velocity flow is
concentrated into a quite small area, it can wash each part of the filter and the
adjacent aquifer thoroughly. Specifically, the high-velocity flow can break the
slurry wall, remove the mud in the aquifer, and bring out the fine sand. Therefore,
the high-velocity sprayed water method is effective and commendable for wells,
which have thick slurry wall or excess leaking mud in the gravel stratum.

6.3.2 Chemical Methods for Well Washing

Chemical methods for well washing are recently developed worldwide. These
methods are cost-effective and simple to operate. For wells jammed by chemical or
biochemical deposits, chemical methods are much more effective than mechanical
methods. Moreover, for some carbonate aquifers, the chemical methods can even
expand the fractures and pores in the aquifers.

6.3.2.1 Liquid Carbon Dioxide (with Acid) Method for Well Washing

The mechanism of liquid carbon dioxide method can be summarized as: through the
physical form changes of carbon dioxide, the pressure in the well can be changed
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Fig. 6.12 Installation instruction of liquid carbon dioxide method for well washing

dramatically and cause water sprays out of the well. This method is commonly
applied when the efficiency of mechanical well washing is poor, like in the old
wells whose filter is jammed and water yield is low. For wells drilled in the
carbonate aquifer with fractures, acid can be added. After chemical well washing,
the water yield can increase to two or even more times of the original yield.

The sketch map of liquid carbon dioxide method is demonstrated in Fig. 6.12.
Liquid carbon dioxide is transported into the well through the tubes under pressure;
due to the high temperature and low pressure in the well, the liquid carbon dioxide
will rapidly evaporate and generate high-pressure air and water flow which are
powerful enough to break the slurry wall attached to the well pipe. Then, this flow
can enter the aquifer around, dredge the pores and fractures in the rock, and bring
out the fillings (like: rock debris, mud) to the ground. This is how this method can
wash the well and enhance the water yield.

For tube wells constructed in the soluble rock stratum, a certain amount of
hydrochloric acid can be added into the well, then after 2—5 h, liquid carbon dioxide
can be injected into the well. The evaporated carbon dioxide can press the
hydrochloric acid into fractures of the rock stratum and the acid can dissolve the
soluble rock and expand the fractures; the dissolved materials are bought out of the
well through the blowout. Sometimes, to wells drilled in carbonate rocks, only
hydrochloric acid is sufficient to generate amounts of carbon dioxide to cause
blowout.

A certain percentage of anticorrosive, such as formaldehyde, butynediol
[C4H4(OH),], sodium iodide [Nal], potassium iodide [KI], and so on, is required to
be added into the acid to prevent the acid corrosion of metal pipes in the process of
well washing. In addition, sodium polyphosphates can be applied to improve the
washing effect through delaying the solidification of mud cake in the well, espe-
cially if the well has thick mud cakes.

Liquid carbon dioxide (with acid) method is an advanced method for well
washing. It is simple and low cost in terms of time and money. Also, it is widely
applicable for wells of different depths, materials, structures, and service time, and
is especially effective for wells constructed in rock aquifers with pores and
fractures.
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6.3.2.2 Sodium Polyphosphates Method for Well Washing

At present, the most used sodium polyphosphates in well washing include sodium
hexametaphosphate [(NaPOs3)¢], sodium tripolyphosphate [NasP;0;¢], sodium
pyrophosphate [Na3zPO,], tri-sodium phosphate [Na3;PO,], and so on. Here, sodium
pyrophosphate is applied as an example to illustrate the mechanism and procedures
of this method.

Due to the complexity between the sodium pyrophosphate and clay particles,
water-soluble complex ions are produced in this process; the equations are
demonstrated as follows:

NayP,O7 + Ca2+ — CaNay (P207)2_
NayP,0; + Mg?* — MgNa, (P,07)*~

Complex ions [CaNa4(P207)]27 and MgNa4(P207)27 are inert ions, they can
hardly generate the reverse chemical reaction and precipitate. This feature makes
them apt to be ejected out in well washing or water drawing. Meanwhile, the
complex ions, which have negative charges that can be absorbed by clay particles,
can strengthen the electronegativity of the clay particle surface. The strengthened
electronegativity will increase the repulsion between clay particles and decrease the
viscosity and shear strength of slurry. This is why the sodium pyrophosphate can
resolve and further break the mud cakes and sediments in the aquifer.

The processes of sodium pyrophosphate well washing: First, install the well pipe
and fill the gravel to the designed position, slurry pump is used to eject the mud in
the well. Second, inject sodium pyrophosphate whose concentration is 0.6-0.8 %
into the inside and outside of the well pipe (inside first) through slurry pump. Third,
after 5-6 h, the sodium pyrophosphate is combined with clay particles thoroughly,
other well washing methods can be applied. Generally, the well can achieve its
normal water yield in a short time.

The chemical well washing method can reduce the work time and largely
decrease the workload of piston and air-compressor well washing. Moreover, it can
increase the final water yield compared to using the mechanical method only.

All the well washing methods introduced above should be chosen according to
the specific work circumstance, and the combination of different methods can
enhance the well washing effect.

After well washing, the sand content of pump water is required to be measured;
indeed, the sand content is an important index for the pipe well. The excess sand
content can impair the dewatering effect and even cause engineering accidents.
Therefore, the strict control of sand content is crucial.

The standard for the sand content:

(1) From the beginning of pumping to 30 s after the well is dry, the measured
sand contents of water come from wells constructed in coarse sand or gravel
aquifer should be less than the 1/50,000 of the water volume; while the sand
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content for wells constructed in coarse sand or gravel aquifer should be less
than the 1/20,000 of the water volume.

(2) Keep pumping for several hours till the well water is gradually clear and the
sand content becomes stable. In the followed stable period, the sand content of
living and industrial wells should be <1/2,000,000. For some special wells,
this content may need to be <1/10,000,000.

6.4 Case Study

Groundwater assessment and management

Structure design of hydrogeological experimental borehole should consider the
geological information as in Table 6.4.

200JC(8JD) x 80 x 10 type of pump is required to design the hydrogeological
drilling; and the boring log should be drawn as in Fig. 6.13. The minimum diameter
of grain size is around 0.15 mm of aquifer, above which the percentage is 55 %.

Table 6.4 Geological information

Depth (m) Thickness (m) Soil type Legend
0-2.80 2.80 Silty clay g
S
7/
2.80-14.06 11.26 Silty sand
14.06-19.76 5.70 Mucky silty clay F : 7
A
19.76-26.00 6.24 Silty sand rLN
26.00-36.60 10.60 Silty clay 7/,
// //
36.60-39.20 2.60 Peat
39.20-67.70 28.50 Silty clay inter-bedded with silty sand
67.70-90.80 23.10 Fine and medium sand ;
90.80-97.80 7.00 Clay
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Scale: 1:500
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Fig. 6.13 Hydrogeological boring log scale: 1:500
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6.5 Exercises

1. How many parts does dewatering well structure include? What are they?
2. How many methods does well washing have? What are they?



Chapter 7
Dewatering Types in Foundation Pit

7.1 Types and Effect of Dewatering in Foundation Pit

In general, the deep foundation pit is defined as follows: excavation pit is over 5 m
(including 5 m), or even though the depth is no greater than 5 m, the geological and
surrounding environment conditions are very complex, or the excavation affect the
safety of adjacent buildings.

7.1.1 Effects of Dewatering in Foundation Pit Construction

Before the excavation of a foundation pit, dewatering can ensure the safety of
excavation, increase the stability of pit support structures. The main effects on be
described as below:

(1) Prevent the seepage in lateral or basal surface in the foundation pit. Keep the
excavation be conducted in dry conditions. Be in favor of other constructions.

(2) Decrease the water content of soils in the pit and surroundings to strengthen
the physical and mechanical properties.

(3) Decline the hydraulic gradient to prevent the quicksand phenomenon induced
by lateral and bottom soil particle movement with groundwater seepage.

(4) Increase the safe stability of lateral overturning and basal up-heaving of
foundation pit.

Above is all about the advantages of dewatering in foundation pit excavation.
Apparently, it also has some disadvantages for projects, such as the dewatering
device may induce difficulties for foundation pit construction; or ground settlement
in surrounding buildings.
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7.1.2 Different Types of Dewatering in Foundation Pit
Construction

Dewatering method in foundation pit can be divided into two types, i.e., open
pumping or wellpoint dewatering.

Open pumping is to set ditches and sumps in foundation pit to collect ground-
water; and then make the water pumped away or out. For the stage-excavation
foundation, as the excavation surface moves deeper, new ditches, and sumps should
be re-dug. This method is suitable for the shallow foundation pit in the aquitard.
When surrounding conditions is simple; the aquifer is thin and the required
drawdown is relatively small, open pumping is most inexpensive.

Wellpoint dewatering is a kind of predrainage method, which is depressed the
groundwater table by artificial discharging in pumping well before the excavation
of foundation pit. According to the force-applied or pumping device, wellpoint
dewatering can be described as light wellpoint, ejector wellpoint, electroosmosis
wellpoint, and tube (deep well) wellpoint.

This chapter mainly introduces the tube (deep well) wellpoint dewatering in
foundation pit.

7.2 The Seepage Properties of Dewatering in Foundation
Pit

In the dewatering for foundation pit, the seepage properties of groundwater are
greatly related with the in situ hydrogeological conditions, support structure
(water-proof curtain), the location of dewatering well, the length of filter, etc. The
corresponding analysis is conducted by calculation as followings.

7.2.1 Water-Proof Curtain

Case 1:
This is no water-proof curtain built during dewatering, shown as Fig. 7.1. The
calculation results can be seen in Fig. 7.2.

Case 2:
There is a water-proof curtain. Dewatering is conducted outside the foundation pit.
The plane layout and the calculation results are shown in Figs. 7.3 and 7.4.

Case 3:

There is a water-proof curtain. Dewatering is conducted inside the foundation pit.

The plane layout and the calculation results are shown in Figs. 7.5 and 7.6.
Comparatively analyzed, the effect of water-proof curtain for the seepage of

foundation pit is characterized as below:
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Fig. 7.1 The dewatering schematic in case 1. a Plane view of dewatering (unit: mm). b Cross
sectional profile of dewatering
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Fig. 7.2 The equipotential lines surrounding foundation pit in case 1. a Plane view of dewatering
equipotential line (unit: m). b Cross sectional profile of dewatering equipotential line (unit: m)
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Fig. 7.3 The dewatering schematic in case 2. a Plane view of dewatering (unit: mm). b Cross
sectional profile of dewatering

(1) Water-proof curtain changes the seepage flow state. Figure 7.2 shows the
equipotential lines paralleling pass through the foundation pit bottom. It is
plane seepage flow. Because the dewatering wells use partially penetrating
wells, the groundwater around the filter presents a state of three-dimensional
space seepage flow.
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Fig. 7.4 The equipotential lines surrounding foundation pit in case 2. a Plane view of dewatering
equipotential line (unit: m). b Cross sectional profile of dewatering equipotential line (unit: m)
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Fig. 7.5 The dewatering schematic in case 3. a Plane view of dewatering (unit: mm). b Cross
sectional profile of dewatering
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Fig. 7.6 The equipotential lines surrounding foundation pit in case 3. a Plane view of dewatering
equipotential line (unit: m). b Cross sectional profile of dewatering equipotential line (unit: m)
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Water-proof curtain changes the hydraulic gradient. Shown in Figs. 7.4 and
7.6, the equipotential lines are densest around the bottom of water-proof
curtains, i.e., the hydraulic gradient at these places are largest, where the
cross-section declines sharply and the seepage velocity increases a lot.

The buried depth of water-proof curtain influences the drawdown in dewa-
tering. Figure 7.7 indicates the drawdown inside the foundation pit increases
as the depth of water-proof curtain buried into the aquifer gets larger. While in
the circumstance of drawdown outside the pit, it is decreased by larger buried
depth of water-proof curtain.

The buried depth of water-proof curtain influences the water discharge of
dewatering wells. Figure 7.8 indicates the dewatering wells in the foundation
pit have smaller water discharge when enlarging the buried depth of the
water-proof curtain.
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7.2.2 Length of Filter

The influence of filter is also discussed in limited thickness of aquifer. Some results
by numerical simulation can be obtained in Fig. 7.9. It is seen that water discharge
and drawdown per unit length of filter both sharply decrease with increasing length
of the filter. In case of 14 m filter, the unit water discharge is just 23 % of that in
2 m filter condition. It means longer the filter, smaller the discharge efficiency.

7.2.3 Vertical Hydraulic Conductivity of Aquifer

With water-proof curtain, the relationship of drawdown with vertical hydraulic
conductivity is presented in Fig. 7.10, including drawdown inside the pit (a) and
drawdown outside the pit (b). As vertical hydraulic conductivity increases, the
drawdown inside the pit decreased soon, while outside the pit, the drawdown just
slightly changes, even it is a little bit increased.
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7.3 The Classification and Characteristics of Dewatering
in Foundation Pit

According to the cut off effect of water-proof curtain, the foundation pit dewatering
can be classified into following four types.

7.3.1 The First Class

Shown in Fig. 7.11, the occurrence of the aquifer is very shallow, the water-proof
curtain is totally buried into the aquiclude. Apparently in this circumstance, pro-
viding the water-proof curtain is conducted well without problem of leakage, there
is no hydraulic connection of groundwater in and outside the pit. Dewatering well
or light wellpoint can only installed inside the pit. The aim is to drain away the
groundwater above the foundation pit bottom (Fig. 7.11a); or initially decrease
groundwater table and then conduct drainage (Fig. 7.11b). The water discharge of
dewatering well (light wellpoint) is totally from the groundwater inside the foun-
dation pit. The amount is very limited. The target is easy to implement. During the
dewatering, there is no influence on the groundwater outside the pit, so the impact
on surrounding environment is very small. The groundwater flow inside the pit is
generally plane two-dimensional flow with impermeable boundary.

This kind of dewatering is usually used in following two circumstances. First is
the occurrence of aquifer is very shallow, generally unconfined aquifer. The
excavation depth of foundation pit is small. Second is the aquifer is not shallow
with a certain buried depth, but the thickness is not very large; and the excavation
depth is relatively deep. Usually diaphragm wall is constructed as foundation pit
water-proof curtain and support structure. For the stability of overturning in the
lateral sides of the pit, the diaphragm wall should be buried below the base of the
aquifer. In addition, some other conditions, from the safety consideration of
foundation pit, the dewatering just need to be designed as the third class, unnec-
essary to cut off the imperious base, but the surrounding environmental requirement
is very strict, the additional larger water-proof curtain should be constructed into the

(a) Dewatering well ~ Water-proof curtain (b) Dewatering well Water}proof curtain
,,,ﬁ;gr,,;v,, Foundation $ 0 v. i boiiiile sl
Phiteafic pit . : Confined water table| Unconfined aquifer
ater tabl Loy i iard
water table e Prsemay B Unconfined 7 // Foundatior 77 Aquitard 7 A
N N aquifer . Pt
: | "= ==<._ @ .--="7"||Confined aquifer
P B = i .
Aquiclude Aquiclude

Fig. 7.11 The schematic of the first class dewatering. a Water-proof curtain into the bottom of
unconfined aquifer. b Water-proof curtain into the bottom of confined aquifer
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base of the aquiclude. Then, this kind of third class dewatering case is turned into
the first class.

According to the old experience, the leakage problem of water-proof curtain
always appeared. Particularly, when the circumstance is very serious, it makes great
difficulties on the drainage efficiency. This kind of problem is not easy to be fixed.
Though the existence can be easily confirmed by practical dewatering, the specific
location of leakage could not be simply found out.

In total, the first class dewatering is relatively easy to implement and the
dewatering duration is short. Respective working quality is not necessarily high. It
depends on the practice. Light wellpoint, tube wellpoint, open pumping can all be
employed in this class of dewatering.

7.3.2 The Second Class

Providing the occurrence of the aquifer is very deep; the water-proof curtain can
only reach the overlying confining bed and have not penetrated into the dewatering
aquifer (Fig. 7.12), the hydraulic connection is rarely influenced by the cut-off of
water-proof curtain. The dewatering of wellpoint is aimed to depress the water head
of the confined aquifer, prevent the up-heave of the pit bottom, or quicksand. The
seepage properties in this condition are:

Due to no influence by water-proof curtain, the confined water inside and outside
the foundation pit has good hydraulic connection, which presents two-dimensional
flow state. It is called plane seepage without boundary. When partially penetrated
well is employed in large thickness aquifer, the groundwater flow state is
three-dimensional space flow. This influence range of this class dewatering is very
large with relatively slow cone of drawdown. The resulted ground settlement by
dewatering is mostly even.

Comparing first and second classes, it can be found that mostly the first class
dewatering is a kind of drainage dewatering, which is drained out all the ground-
water cut off by water-proof curtain and aquiclude to generate a dry environment for
excavation and other underground construction. While the second class dewatering
is mainly depressed the water pressure to lower the water head beneath the exca-
vation surface. Since there is no lateral obstruction, the horizontal water supply is

Fig. 7.12 The schematic of Initial confined . .
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continuous, and then the water discharge is very huge in this dewatering type.
Generally, tube wellpoint is necessary. The construction difficulties are more than
the first class dewatering. The entire duration of dewatering is relatively longer until
the pit bottom slab is concreted. If the project encounters the duration delay of some
other construction part, such as pit excavation, the dewatering should be also
prolonged for the working duration to conform with the entire project duration.

In addition, it should be noted that the second class dewatering once starts, it
could not be stopped since the continuous lateral water supply. Emergency power
supply should be reserved in case of accident power cut.

7.3.3 The Third Class

Shown in Fig. 7.13, the excavation depth is large, the water-proof curtain is already
penetrated into the dewatering aquifer, in which if the excavation depth is relatively
small, the pit bottom has not already excavated into the dewatering aquifer, and the
dewatering of wellpoint is just aimed to depress the water pressure of the confined
aquifer (Fig. 7.13a); on the other hand, if the excavation depth is relatively deep, the
pit bottom is already in the aquifer, the dewatering of wellpoint in this circumstance
initially is also to depress the water head but in later stage the aim is drainage
(Fig. 7.13b). Due to the existence of water-proof curtain, which is penetrated into the
aquifer, the hydraulic connection is inevitably influenced, especially in the hori-
zontal direction, although the water-proof curtain does not totally cut off the aquifer.
The upper part of the confined aquifer is not continuous inside and outside the
foundation pit. The groundwater must detour to the lower part of the aquifer.

In this dewatering type, the water-proof curtain is penetrated into the middle or
lower part of the dewatering aquifer, so whether the dewatering well inside or outside
the foundation pit, the groundwater flow is definitely obstructed. The seepage
boundaries get much more complicated. The flow presents typical three-dimensional
state. In case of calculation in dewatering design, this aspect should be fully con-
sidered. Moreover, this kind of dewatering always is accompanied with large-scale
pit excavation. The dewatering scale is also very large. The requirement of dewa-
tering duration is relatively long. Thus, the entire construction difficulties and
uncertainties are significantly increase compared with the second class.

Dewatering well ~ Water-proof curtain Dewatering well ~ Water-proof curtain
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Fig. 7.13 The schematic of the third class dewatering
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7.3.4 The Fourth Class

Shown in Fig. 7.14, in condition that the aquifer is buried very shallow; there is no
water-proof curtain surrounding; slope excavation is constructed; the excavation
depth is also relatively small, the hydraulic connection in this circumstance is
similar to the case of second class dewatering. The groundwater presents natural
plane flow state. Near the dewatering well, it is three-dimensional flow state.

This type of dewatering is usually constructed far away from the urban city or
dense building areas, where no requirement for the environmental problem, such as
land subsidence.

Different kind dewatering types can be combined to employ. Such as, for very
deep excavation, when diaphragm wall is used as water-proof curtain, due to the
large wall structure with the impermeable property, the unconfined aquifer, and the
upper confined aquifer in the foundation pit belong to first class dewatering, while
the lower part of the unconfined aquifer belongs to the second or third class
dewatering. Or for the large-area foundation pit, the depth may be different in
various locations for excavation. Corresponding requirement for drawdown, buried
depth of water-proof curtain may all be different. In this type of foundation pit, there
is always several different dewatering types combination.

Seepage properties vary with different foundation pit dewatering.
Correspondingly, the design, construction, and operation management of dewa-
tering have its own characteristics. In practice, the difference should be precisely
distinguished. And it is better to coordinate with the design of support structure or
other underground construction.

7.4 Dewatering Design of Foundation Pit Engineering

7.4.1 Design for the First Class Dewatering

As explained above, in first class dewatering, the lateral sides of dewatering aquifer
is totally cut off by water-proof curtain, with no hydraulic connection to outside
groundwater of foundation pit, the wellpoints should be arranged inside the

Fig. 7.14 The schematic of Initial phreatic water table
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foundation pit. After the onset of dewatering, the water table in the pit is always on
a unsteady state. The design calculation can follow the unsteady well group formula
with impermeable boundary. The plane arrangement of wellpoint is usually
determined based on local experience. When the hydraulic conductivity of aquifer
is very small, vacuum pump is need for the drainage.

7.4.2 Design for the Second Class Dewatering

In the design of this class dewatering, the main principle is to ensure the stability of
uplift of water pressure of confined aquifer from the starting of excavation to the
foundation pit bottom (Fig. 7.15). That is:

> 9aMi >y H - K, (7.1)

where 7g; is unit weight of each soil layer from foundation pit bottom to overlying
confining bed, kN/m®; M; is thickness of each soil layer from foundation pit bottom
to upper confining bed, m; 7,, is the unit weight of water, KN/m’; H is the distance
from depressed water table to the upper confining bed, m; Kj is the safety factor,
according to specific standards. In practice, the determination of the safety factor
value should be also consider some other influence factors, such as the sealing of
geotechnical investigation drilling, the backfill of hydrogeological investigation
well.

Once the aim is determined, the first step of consideration is the plan arrange-
ment of wellpoints. As for the foundation pit with small area and loose environ-
mental requirement, wellpoints can be arranged around the excavation periphery.
Though the dewatering efficiency may be lower compared the inner dewatering in
foundation pit, the arrangement is very favorable to the excavation construction,
dewatering equipment, and other operation and maintaining. For the large-area
foundation pit, the above arrangement generally could not meet the requirement of
drawdown in the center of the pit, so dewatering inside the foundation pit is
necessary. Due to the influence of support structure and engineering foundation
piles, the plane layout in this condition is usually greatly limited.

Phreatic water table

Foundation pit Confined water table.

- Confined aquifer

Fig. 7.15 The schematic of the second class dewatering calculation
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The well structure and plane arrangement have great correlation. Increasing well
depth can result in large dewatering influence range. The plane arrangement has
more selections but the total efficiency is lowered. Meantime the water discharge
has greatly increased, which is not favorable to the environment. Therefore, the
plane arrangement and depth of wells should be comprehensively considered.
Generally, according to previous hydrogeological investigation report or local
design experience to calculate a single well-structured design, and then, considering
the group well effect, water discharge amount of single well can be determined;
lastly the entire foundation pit is simplified as a large well to calculate the total
discharge amount, so the required number of wells can be obtained. For safety
factor, the final number is increased by 10 % (the number of emergent well is no
less than 1 to reserve). After all the wells are arranged, some confirmation calcu-
lation should be conducted in the foundation center and four corners or other weak
place of wells (no need for the reserve well). In case of unsatisfaction, it is nec-
essary to adjust the well arrangement or increase the well number to make the
requirement of drawdown in any place can meet. Because many hydrogeological
parameters are needed in the calculation, if there is no previous professional
hydrogeological investigation and just depends on the local design experience,
some dewatering construction is necessary for the conformation, to prevent large
error in design.

The well structure strength is the key problem in most cases. For the arrange-
ment of dewatering well, the deformation induced by excavation may result
influence on the well structure. In addition, real relatively deep foundation pit, the
excavation is conducted in stages. Replacing H in Eq. (7.1) into Hy, i.e., the natural
water table of the aquifer, the minimum excavation depth can be calculated as
Eq. (7.2) (Fig. 7.15):

ZysiMi + Zys]]w] > 'ywHO - K (72)

where Hy is the natural water table of aquifer, m; y,; is unit weight of each soil layer
from foundation pit bottom to upper confining bed, kN/m>; M; is thickness of each
soil layer from foundation pit bottom to upper confining bed, m. Others have the
same meaning with Eq. (7.1).

As the excavation surface moves down, H, can be replaced by H to calculate the
safe depth for different excavation depth.

7.4.3 Design for the Third Class Dewatering

Since the hydraulic connection of aquifers is apparently influenced by the
water-proof curtain, in principle the dewatering design should arrange the well
inside the foundation pit. It has several advantages as follows:
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The dewatering efficiency of single well can be very high, especially for the well
close to the water-proof curtain; the dewatering effect is very effective. The reason
is that the water-proof curtain greatly influences the movement of groundwater into
foundation pit; the groundwater in the upper part of aquifer should detour to the
lower part and then can be move into the dewatering well inside the pit (shown as
Fig. 7.13). Thus, under the identical well structure, the water discharge is mostly
attributed from the groundwater inside the pit with water-proof curtain. Likewise,
the water pumped out in the dewatering well outside the pit is mainly from the
aquifer outside the pit. That is to say, the dewatering well set inside the pit is much
in favor of pumping out the groundwater inside the pit, while the dewatering well
set outside the pit can hardly have much effect to the purpose.

It is much advantage to diminish the environment effect by dewatering. The
existence of water-proof curtain extends the seepage path. Under the same other
conditions, the drawdown outside the pit is much smaller than that in the circum-
stance without the cut off of water-proof curtain. This decrease is directly related to
the buried depth of water-proof curtain, well structure, the properties of aquifer, etc.
Some basic rules are deeper the buried depth of the water-proof curtain, smaller the
depth of wellpoint, poorer the vertical hydraulic conductivity of the aquifer, then
less the influence of dewatering on the surrounding environment outside the pit.

In addition, even there is no water-proof curtain, the dewatering wells are set
inside the pit have better dewatering efficiency than those outside the pit.
Apparently, when dewatering wells are arranged outside the pit, the total plane area
of wellpoints is larger than the foundation pit size; otherwise it is close or smaller.
Under the same water discharge amount, definitely latter has much larger draw-
down. But the inner arrangement of dewatering well brings in another inconve-
nience in the excavation and other underground construction. This need
comprehensive coordination and operation management.

The seepage flow calculation in this class dewatering is a difficulty. Due to the
influence of water-proof curtain, groundwater presents complicated
three-dimensional flow state. Currently, there is no respective analytical solution or
approximate analytical solution. Only through the numerical simulation based on
specific three-dimensional seepage model the specific reference can be provided.

7.4.4 Design for the Fourth Class Dewatering

This type of dewatering is mostly employed in the unconfined aquifer foundation
pit excavation. During the excavation the water table generally should be controlled
beneath the foundation bottom by 1 m. When the excavation depth is very small
and the foundation pit size is also relatively small, light wellpoint, open pumping
both can be used for dewatering.
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7.5 Case Study

7.5.1 Case 1—The Second Class Foundation Dewatering
Engineering of Small Area and Large Drawdown

7.5.1.1 Project Summary

Diaphragm wall structure with a diameter of 29.60 m and thickness of 1.00 m is
employed as cylinder supporting in a foundation pit construction, which is 27.6 in
diameter and 0.80 m in thickness. The buried depth of this supporting structure is
54.20 m, while the excavation depth is 33.50 m (all the values are calculated from
the designed ground elevation +4.85 m). The support structure design requires the
water table should be depressed 26.30 m below the ground surface after the
excavation down to 22 m.

The construction site is located in the alluvial plan of Yangtze River. The ground
elevation is 3.90—4.10 m. The soil layers distribution along depth is shown as
Table 7.1.

In construction site, there are two types of groundwater: unconfined—slightly
confined water and confined water. Unconfined-slightly confined water exists in the
layers of (D artificial fill and ), sandy silt. The stable groundwater table is
approximate 0.50 m (correspondingly 3.5 m in Wusong elevation).

Confined water is buried in two soil layers. One is ), sandy silt in depth of
22.20-33.60 m. The average thickness is 8.85 m. The buried depth of water

Table 7.1 Soil layer distribution in site

Layer Soil type Base elevation (m) Thickness
number (m)
D3 Plain fill 4.31 to 2.15 0.20-6.50
O, Creek fill 3.21 to —0.05 0.40-1.65
@ Silty clay 2.70 to —0.46 0.50-3.40
@), Mucky silty clay 1.41 to —2.66 0.30-3.50
©F Sandy silt —1.09 to —5.05 0.50-8.30
©f Mucky silty clay —2.91 to =7.92 0.64.70
@ Mucky clay —13.32 to —18.87 6.4-13.95
®), Silty clay —15.92 to 38.81 1.10-21.30
Ol Sandy silt —18.70 to —40.30 1.00-21.80
B Silty clay —46.02 to —60.28 8.10-25.40
®, Sandy silt interlayed with —48.83 to —64.67 0.50-14.80
silty clay
®, Si