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ABSTRACT: In Japan, conformity in the design of redbe’s superstructure and substructure has besn re
ized by taking into account the correlation betwdenload and displacement of its foundation. Tias ena-
bled a rational seismic design to be achieved fdilure to take into account deformation of therfdation
might invite a serious accident. The collapse ef@an Tho Bridge in Vietnam was caused by unevtlese
ment under the foundation of a bent supportingcthrecrete slab, which sank slightly during constarcpro-
cess due to the slab’s step weights. In this paperauthor proposes a newly developed calculatiethod
based on a revised Voigt Model for estimating ##lement of soft ground in the Mekong Delta.

1 INTRODUCTON

In the past, the design for a bridge’s superstrectu
was developed independently the design for its
substructure. A bridge’s superstructure was
designed according to the elastic theory, while the
foundations of its substructure was designed
according to the plastic equilibrium theory (which
ensures that a balance is maintained between the
load and the ground reactions) and the abutments
and piers of its substructure were designed
according to the elastic theory.

However, to make a rational design for a bridge, it
is necessary to design the superstructure and the
substructure according to the same criteria,
especially, when constructing indeterminate
structures. In Japan, conformity in the design of a
bridge’s superstructure and substructure has been
realized by taking into account the correlation
between the load and the displacement of its
foundation. This in turn has enabled a rational
seismic design to be achieved.

2 DESIGN CODE OF FOUNDATION OF
HIGHWAY BRIDGE

2.1Types of foundation

As shown in Fig.1 and Fig.2, there are three main
types of foundations: spread foundations, caisson
foundations and pile foundations
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Fig. 1 Three main types of foundations
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— Pile foundation Precast pile Driving Wooden pile

— Pushing-in — Reinforced concrete pile

[— Vibration — Prestressed concrete pile

[— Water jet — Pretensioned & reinforced spun high strength concrete pile

[— Preboring — Steel composite concrete pile

[— Cement milk — Steel pipe pile

[— Inner excavation — H-section steel pile

— Reverse — Large-scaled prestressed concrete pile
— Large-scaled steel pipe pile

— Cast—inpla;e — Mechanical excavatiom———y— Overall casing method
concrete pile

[— Reverse circulation method

— Earth drill method

Foundation

| : Shinso pile ’
Manpower excavatiop——— (excavated well pilé) Kida type
Ohbayashi type
n Others
| Cast-in-place pile _ .
using driven steel pile Pedestal pile
— Franky pile
— Reymond pile

Bell-type foundation

— Special metho—————————1— Replacement Prepacked concrete pile
—E Concrete mortar pile

Multicolumn foundation Soil cement concrete pile

Trestle-type foundation L Pile wall Concrete pile wall
Pile foundation under caisson EICOS pile
Others
— Sheet pile foundation—I: Steel pipe pile foundation
Box pile foundation

— Special welt Prestressed concrete well

— Diapfragm wall

— Steel fabricated caisson
— Domed caisson

— Simplified caissom=—————————Simplified caisson

— Frame wall foundation
— Lay-down caisson founa-

Caisson founda-
—tion (including =
pier foundation)

Open caissor——— Well (reinforced concrete cais——Weight loading method
— Water jet method
— Air jet method

Pnuematic caisscm—lz Shiraisi type — Jack-down method
Taihou type

— Spread foundati Original groune—1— Footing foundation—E Single footing foundation (including combined footing foundgtion

Compound footing foundation
Continuous footing foundation

— Mat foundation

— Slab foundation

— Ring foundation

Improved groune—— Replacement method

[ Dropping hammer method

— Sand drain method

— Sand compaction method

[— Chemical pile method

— Deep mixing stabilization method

— Paper drain method

[— Vibrofloatation method

— Well point method

— Chemical grouting method

Fig.2 Classification of Foundation M ethods
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The design method used for spread and caisson  2.33atic design

foundations differs from that used for pile founda- The static design for a foundation is developed
tions. For a spread or caisson foundations the dis- based on the correlation between the load and the
placements and the rotational angles of the founda- displacement of a foundation. Fig.5 shows an ana-
tion, which is a rigid body, are calculated. For a lytical model of a pile foundation with the follow-
pile foundation the displacement and the rotational ing spring constants KKy, Ks, Ks and K,. These
angle of the foundation’s footing are estimated us- g spring Brma 3 4 i

ing the ground reaction coefficien kN/cn) and constants combine the footing’s horizontal dis-
. . : : placementd y, its vertical displacement, and
the axial spring constant Kv (N/cm) which varies : : . .
according to the properties of the piles its rotational anglea together with the vertical
9 prop pres. load V,, the horizontal load fand the rotational
2 2Ground reaction coefficient moment M of the resultant force.

The concept behind the linearization of k is shown
in Fig.3. The angle of the secant line between the Ki, Kz Ks Kg
load and displacement, which is derived from the Composite spring
practical displacement limit (parj)Sserves as a ~ ——————- = CONSIANS S
kind of spring constant for the elastoplastic giehun Ky:Axial  spring

: : : : Vo constar
The various spring constants are defined as follow: M"KL\ Ho
ky for the horizontal force,Jor thevertical force, - K1 Ks

ks for the shear force anc kor the moment. ,i}%,% ::}3, 1;{ o1 A4 Ky
For dynamic analysis, k represents the inclination i EaEt e ‘, )
angle of the line segment from A to C shown in AR IR PR
Fig.4, while the equivalent damping ratigis ex- P i Y
pressed by the formulashA W/2 x Wand the hys- A F T
teresis curve of load-displacement shown in Fig.4. A I F R
These spring constants and the damping coeffi- ' b ! v
cients can be applied to the analytical models for 13 ; bl | | ! LV
the superstructure and the substructure of bridges L _,' ' LL_: L L
as shown in Fig.8 (c substitutes fqi).h vy
6 X: Hori- <7;A « : Rotational angle
Load P g zontal disp. 5y veri-
cal dis

0 Fig.5 Schematic diagram
@ Original load- of a pilefoundation
@ displacement curve

® Linearized load-

|
|
|
|
|
|
|
I

; displacement curve R,
0 i g
par S Displacement S by Wi,
Fig.3 Concept behind the linearization of k — -
— Knp:
— seismic
— factor
] Wp'khp
— —
— Wy
E a5 TR
Fig.4 Hysteresis curve u u L"'
of load and displacement Fig.6 Seismicforceto a pier
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Fig.7 Static seismic design
for a pilefoundation
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Fig.6 shows a static seismic design for a piergusin
the seismic factor method. Fig.7 shows the seismic
design for a pile foundation subjected to the tesul
ant force exerted by the substructure.

2.4Dynamic seismic design

Thus, adoption of the above common coefficients
makes it possible to develop the rational statit an
the dynamic designs of the whole structure that
takes into account the influence of mutual move-
ments between the superstructure and the substruc-
ture (Fig.8), though the coefficient values related
to foundation are approximate. However, many
models used for the dynamic analysis of seismic
designs are composed of masses and springs as
shown in Fig.9.

m: mass
k: spring
c: damper

Fig.8 Smple model of abridge
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Fig.9 A modéd of a continuous bridge

Particularly, in the case of statically indeterntina
superstructures, a bridge should be built on a,firm
stable foundation because the forced deformation
of panel points yields a substantial stress concen-
tration and causes serious damage to the structure.
It is important to note that if this concept is not
thoroughly understood, deformation of the founda-
tion might invite a serious accident.

3 COLLAPSE OF A SIDE SPAN OF CABLE
STAYED BRIDGE BUILT ON VERY SOFT
GROUND

3.10verview of the bridge

The forced deformation of panel points caused by
differential settlement often yields a large moment
in the girder used on the piers of a continuous
bridge. With long span bridges or girders with high
rigidity, it may be possible for the moment to be
absorbed or the reactions and settlements to be re-
distributed between the supports on piers.

With a short and weak indeterminate girder, differ-
ential settlement gives rise to critical damage.
Fig.10 shows a cable stayed bridge with a long pile
foundation resting on very soft ground. During the
construction of a concrete side span for this larjdg
the temporary support (bent) collapsed resulting in
many casualties and damage to the concrete girder
which was supported by three piers and two bents
forming four span continuous beams (Fig.11).

3.2Collapse of the concrete girder

The concrete girder had two spans, each with a
length of 40 m, a width of 26 m and a height of 2.7
m, and with concrete pile foundation of 75 m. The
concrete portions of the girder were divided into
upper and lower slabs (Fig.11), and into a total of
14 segments (as shown in Fig.12). The collapse
occurred when work commenced the morning after
the concrete for segments 10 and 11 had been laid.
Fig.13 shows the situation before the side span’s
collapse, and Fig.14 shows the wreckage left after
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its collapse. According to a survey by the State 3.3Causes of collapse
Committee for Investigation of Two Side Spans of

Can Tho Bridge, the members that collapsed were
those shown in Fig.15, and the Committee deter-
mined that the bent-13 collapsed first.

A geological diagram of the site (Fig.16) indicates
the presence of very deep sedimentary ground with
weak sustaining layers (a fine sand layer located
between 35 and 50 m below the ground surface is
sandwiched between two cohesive layers).
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Fig.12 Scaffoldings and bentsfor prestressed concrete girder and order of segmentsto cast in

Fig.13 Construction view befor e collapse

Furthermore, the material in each sustaining layer
is very fine, with a grain size of less than 0.2, mm
and the sandy soils in particular are fairly umfior
Although the pile foundations for the pylons
reached down to a sustaining layer at a depth of 70
m below the ground surface, the piles for the bents
and piers were driven into the sandy layer about 35
m below the ground surface. This layer does not
provide as reliable a degree of bearing capacigy du
to the presence of fine uniform sand particles with
moderate N values.
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Fi.14 Collapsed concrete girder

Fig.17 shows the settlement of the bent-13, with
twin pile foundations with 14 precast concrete
piles of 37 m in length and a small base (footing),
as well as cracks on the concrete girder that were
witnessed by labors or were hypothesized to exist.
Fig.18 indicates the differential settlement within
one base (T13-U), which is sized into 4.5 x 4.5 x
1.0m, after the collapse and the first buckled mem-
bers of the bent-13 based on calculation.

Based on these calculations, the cause of the col-
lapse is presumed to have been a combination of
the differential settlement and the buckling of the
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Fig.15 Collapsed concr ete segments, scaffoldings and others
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Fig.17 Cracks on slab and settlement of footing

Fig.19 Can Tho Bridge after completion

vertical members of the bent-13. In addition, be-
cause of the prestress that is introduced into the
girder after the attachment of the main cables, the
axial rigidity of the girder with less longitudines-
inforcement than transversal reinforcement is kept
relatively small in order to redistribute the reac-
tions on the tops of the bents and the piers.

After the conclusions of the State Committee were
issued, a revised construction plan was drawn up
and the bridge was beautifully completed without
further incident, as shown in Fig.19.

3.4Technical problems

Although the causes of the collapse have been clar-
ified, a method estimating the amount of settlement
(one of the main causes of the collapse) that ean b

expected to occur when constructing a bridge, need
to be developed. Such a method would facilitate

the development of the rational design for both the

superstructure and the substructure that take into
account the correlation between load and dis-

placement at a foundation.

The ground at the Mekong Delta consists of very

soft sedimentary layers. For a spread foundation,
the amount of settlement can be calculated by us-
ing the consolidation settlement theory. For deep

foundations with a large sustaining capacity such
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T

Calculated deformation diagram of the
temporary bent T13U

Fig.18 Buckled vertical members and dif-
ferential settlement of base of bent-13
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Fig.20 Relationship between load and settlement
of viaduct

as caisson and pile foundations, the amount of set-
tlement is actually quite small but calculatingsthi

is complicated.

Fig.20 shows the curious behavior of pile founda-
tions for which settlements of piers increase under
a constant load. Normally, the deformation of a
deep foundation is limited to elastic deformation
and long-term settlement might damage indetermi-
nate structures. The continuous minute settlement
that can be observed at the Mekong Delta is similar
to the secondary consolidation or the creep defor-
mation of soft rock.

Given this, a method that takes into account a-long
term deformation of foundation as a result of set-
tlement is required to ensure structural safetyén
design. In addition, the design for an indetern@nat
structure with a foundation on a soft sustaining
layer needs to provide for an axial rigidity that i
strong enough to redistribute the reactions on sup-
ports.
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4 DESIGN METHOD THAT TAKES INTO
ACCOUNT FOUNDATION DEFORMATION
ON SOFT GROUND

4 .1Conventional settlement estimation method

The settlement of a shallow foundation resting on

clayey soil is calculated using Equation (1) below

on the basis that it is a consolidation settlement.

The measured or calculated settlement results are
expressed as a hyperbolic curve in Fig.21.

S=t/(a + 5Y) 1)
Where, S : settlement(cm)

t: time(sec)

a, B :coefficient

However, because the hyperbolic curve approaches
the asymptote over time and only represents set-
tlement over a limited time scale. Namely, it means
that the hyperbolic curve can not reflect the ten-
dency for the settlement of clay to last continuous

ly.

4 .2New estimation method for settlement

To estimate the settlement of soft ground, a new
method of calculating plastic settlement has been
developed that take in account the continuously
lasting settlement of a pile foundation in such
ground. The development of a new formula for
viscoplastic deformation is also a practical objec-
tive.

Fig.22 shows a typical Voigt model which is com-
posed of a spring and a dashpot. Equation (2), (3)
and (4) below present the formulas used for this
model. A linked Voigt models can express compli-
cated settlement dynamics caused by the presence
of various different types of sustaining layers
(Fig.23).

o(t)=0,=0,()+0,(1)=

£,(t) g de, (1)
J, ot

(2)

E(t)=¢&, +&,(1)=J,0, +Uo~]1|:l_exp(;t)i|

- UO{JO 4 31[1— exp(;t)” =0, J(1)

1

(3)
T, =Ju, 4)
Where, ¢ : stress
e strain
J : compliance (inverse of rigidity)
t:time

T: retardation time
J(t) : creep function
n : visco-elastic coefficient
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Fig.25 Seven elements model

This concept was applied to the settlement of a pie
over a period of 750 days. The load was gradually
increased until it was fixed at 24 MN from the
365th day onward as shown in Fig.24. The seven
elements model was adopted as the calculation
model (Fig.25). Equation 5 below present the cal-
culation formulas used for this model and a series
of values for J and T are also provided to simulate
the observed settlement.

0<t<750days

- —exd 2t
Et)=¢g,+J,0,0 ex;{_l_ })

1

-t -t
+J,0,(1- ex;{TJ) +J,0,(- ex;{TJ)
=00{J0 +r§\]i (1—ex;{;t})} (5)

J,=18680" 3 =0.00858
MN MN

J,=001263"" 3. =522819™"
MN MN
T, =1day, T, = 20days, T, = 630days

The settlement curve generated by Equation (5)
can not produce settlement estimates for beyond
the first 1000 days because this equation (5) does
not include the necessary constants and terms of
influence in future (Fig.26). Observation data for
after the first 750 days is required. Fig.27 shows
the relationship between settlement and time on a
semi-logarithmic sheet. This linear relationship ca
be expressed with Equation (6). Based on data giv-
en in Fig.27, a new calculation model, shown in
Fig.28, was developed. For this model, a dashpot
n * was used instead of a large number of Voigt
elements. Equation (7) below presents the formulas
used for this model. The curves generated by
Equation (6) and (7) almost correspond to those
shown in Fig.28, which mean that it is now possi-
ble to estimate viscoplastic settlement over the
long term.
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(£)=0¢* jo+ i 0o(1-e M)+ 3y 0o(1-e V/12)+0(1/ 1) t

(6)
75Cdays <t
-1
E(t) = Ezggo + 3,0, (1~ ex{—})
Tl
-t g
+J,0,(1- exl{f}) + n—gt
-1
Jo+J,@- exp[_l_—})
=0y 1 ()

-t t
+J,l-exp —|)+—
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4.3Application of new estimation method Fig.29 Revised model for enforcing pile

When a structure resting on very soft ground con-
tinues to deform continuously even if there has

foundation by using additional piles

been no increase in the load, the construction work 750days <t
can prove difficult and dangerous. £(t) = £, + Jlao(l_ex;{‘t}) + ngo(l_ex;{_t:|) +1gt
A study was conducted to evaluate whether the use T T,

of additional piles would

reinforce the pile founrda —t P
tion of a pier such as the one mentioned above and = "o{Jo + 31(1‘eXP{T])+Jz(1‘eXP{T})J“,]a} (8)

reduce its long-term settlement. Based on the re-

1 2

sults of this study, a revised calculation modet th J, =5.34769 J, = 7.94507,J, = 0.19021/7" = 1041508597
uses the axial spring constant for the pile (Kvkwa
developed shown in Fig.29. Equation (8) below

presents the formulas used for this model. The cal-
culation was performed for the following five cas-
es: (1) zero pile, (2) one pile, (3) two piles, (4)
three piles and (5) four piles. The results angsill
trated in Fig.30. The effect of using additiondépi

is apparent, meaning that it is possible to usespil
with a smaller diameter than that calculated by ne-

cessity of the minimum

balanced disposition for stability,

5 CONCLUSIONS

QD Conformity in the design of a bridge’s su-
per-structure and substructure has been
realized in Japan by taking into account
the correlation between the load and dis-

number of piles to take placement of its foundation.

2) The static design for a foundation is de-
veloped based on the correlation between
the foundation’s load and its displacement
using various spring constants under the
resultant force.

500_1 LI B R N S N DN S NN I U B U (N B R I SN N N BN NN R N DN S N I N RN N B B N N R B
~ Nopile = +3piles ]
400 F +1pile = +4piles =
L + 2 piles ]

300 F
200 F

100

Seattlement (mm)

TN N W [N N TN N N Y N TN TN N N TN Y TN N N TN T N T N TN T U TN N Y T N |

OO 5000

10000 15000 20000 25000 30000 35000 40000
days

Fig.30 Reduction in settlement by use of additional piles (without live load)

61



®3)

(4)

()

(6)

()

(8)

International Symposium on Backward Problems irtggmical Engineering TC302-Osaka 2011

The adoption of common coefficients
makes it possible to develop a rational
static and dynamic design for the entire
structure.

Accidents are apt to occur when con-
structing indeterminate structures on very
soft ground.

A method to estimate the amount of long-
term settlement is needed to facilitate the
development of a rational design for both
the superstructure and substructure that
takes into account the correlation be-
tween the load and the displacement of a
foundation.

The design for indeterminate structures
built on a weak foundation needs to pro-
vide for an axial rigidity that is strong
enough to redistribute the reactions on
supports of piers.

The consolidation settlement theory can
be applied for shallow foundations, while
the linked Voigt model is effective for
deep foundation.

The linked Voigt model enables a deep
foundation to be reinforced and its settle-
ment to be reduced.
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