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ABSTRACT: This paper presents a 3D simulation of damages and cracks growth in concrete beam using a Discrete Element
Method (DEM). In DEM, the materials are discretized by a great number of Discrete Elements (DEs) interacting with each
other. The DEs are of spherical shapes; their radiuses vary according to a uniform distribution to optimize the filling process
of the continuum medium. The mechanical behavior of an assembly of interacting particles is defined locally at the contact
level. This allows for the determination of the material’s macroscopic behavior. This study starts with the general concept of
DEM. Then, the geometrical modelization and mechanical modelization of the concrete beam are presented. A three-point
flexural test is conducted to model the damages and cracks growth in concrete beam.

KEYWORDS: Concrete material, Fracture mechanics 3D, Bending Test, Discrete Element Method.

TOM TAT: Bai bao nay trinh bay m6 phong 3D vé sy phat trién vét niit ciia dam bé tong bang phwong phéap phan tir roi rac
(DEM). Trong DEM, vit liéu dugc md phong bang mét sé lwong 16n cac phan tir roi rac (DEs) va cc phan tir nay twong tac
v6i nhau. Cac DEs ¢ dang hinh cu; ban kinh cta chung thay d6i nhim t6i wu hoa tao 1én sy phan bd, dong nhat cia moi
truong lién tuc. Ung xir co hoc cuia tip hop cac hat tuong tac v6i nhau duge xac dinh thong qua tiép xtc cuc bo giita ching.
Diéu nay cho phép phan anh dugc ing xir ciia vat liéu ban dau. Nghién ciru nay gidi thidu cac khai niém chung cia DEM. M6
hinh hinh hoc ciia dim bé tong va img xtr co hoc cua bé tong dwoc trinh bay. Mot mo hinh uén ba diém duge mo phong dé mo

ta sy phat trién vét nit trong bé tong.

TU KHOA: Vit liéu bé tong,Co hoc pha huy, Thi nghiém uén, Phuong phéap phén tir roi rac.

1. INTRODUCTION

Concrete is one of the most durable building
materials. Cracks in concrete are a common
phenomenon in civil engineering structures. Most
cracks are formed as an effect of shrinkage and thermal
actions, while structural cracks — another form of
cracking — are formed due To Whom It May Concern:
error in design, overload, and the quality of concrete
after being cropping and so on. Cracking in concrete is
accompanied by overall stiffness reduction, larger
defections, lack of homogeneity of the cross-section,
and is also aesthetically undesired. Furthermore, wide
cracks contribute to an increased permeability of the
structural member, which under severe environmental
conditions could enhance corrosion in the
reinforcement, spalling of the concrete cover and local
bond deterioration at the interface between the
constitutive materials. Therefore, the study of the
mechanical behavior of concrete is important since it
allows for the calculation, evaluation and prediction of
the concrete’s work capacity.

Various numerical methods from continuum
mechanics have been adapted to study the fracture
behavior of concrete materials such as the cohesive

zone crack model, the special finite elements (i.e. the
finite element method), and the extended finite element
method. These widely used methods present very good
results, although the number of cracks are relatively
limited. To overcome these difficulties, the use of a 3D
Discrete  Element Method (DEM) is a
credible/feasible/compelling/worthwhile/helpful alternative.

This paper starts with the general concept of DEM.
Then, the geometrical modelization and mechanical
modelization of the concrete beam are presented. The
following sections are devoted to numerical tests. A
three-point flexural test is conducted to model the
damages and cracks growth in concrete beam.

2. DISCRETE ELEMENT MODELING

The DEM originally developed by Cundall and
Strack [1] is a very useful numerical tool for modeling
the behaviour of granular and particulate materials
[2-5]. Further research has adapted this method to
study the fracture of brittle materials, such as concrete
and rocks [2, 6, 7], and composite [8, 9]. In DEM, the
materials are discretized by a great number of DEs
interacting with each other (Fig.1(a)). The DEs, which
are of spherical (3D) [1, 10], circular (2D) [11, 12],
or polyhedral shapes [5, 13], interact with each other
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by contact, spring and dampers links [5, 8], or by
cohesive beams [13, 14]. The contact laws can be
either regular [15] or non-regular [16]. The constitutive
parameters of spring, dampers links and cohesive
beams are calibrated to attain the suitable behavior at
an observable scale. Then, elasticity, plasticity,
viscosity and more complex behavior can be
addressed.

In this study, the Granular Object Oriented
workbench (GranOO) software [17] is used. In
GranOO, calculations are based on Verlet velocities
[18] explicit dynamics integration scheme. The
discrete element linear position and velocity vectors
are estimated by [19]:

ﬁ(t+dt):ﬁ(t)+ﬁ(t)dt+@dt2 (1)

dt

pt—i—dt =p(t +f+———F7—
Where:

« tis the current time and @f is the integration
time step;

2)

« p(t)p(t), ]29( t) denote respectively the discrete
element linear position, velocity and acceleration vectors;

* [1is the numerical damping factor.

Knowing the DE position and velocity, the
interacting forces and couples are calculated. Next, the
dynamical equilibrium applied on each DE leads to the
DE acceleration. The new velocity and position are
then obtained by integrations and so on.

Compared to others explicit schemes [20], Verlet
scheme has been selected thanks to its ability to
provide goods results and its ease of implementation.
Knowing the DE position and velecity, the interacting
forces and couples are calculated. Then, the dynamical
equilibrium applied on each DE leads to the DEM
acceleration. The new velocity and position are then
obtained by integrations and so on. A flow chart of
Verlet dynamics explicit scheme for linear position and
velocity is illustrated in Table 1. The same scheme for
angular position and velocity.

Table 1. Verlet dynamics explicit scheme

Require: p(0)p(0),p(0)
t<« 0

for all iteration n do

for all discrete element i do

D;(t+ dt) < Linear position Verlet scheme (Eq.1)

]_p;»(t—k dt) < Sum of force acting on 1
5( t+ dt) <~ Newton second law

ﬁ(t+ dt) < Linear velocity Verlet scheme (Eq.2)

end for
t<«t+dt
end for

The time step is proportional to the square root of
the ratio between the smallest mass and the greater
stiffness. Its final value is chosen to get a stable
integration numerical scheme. Moreover, an artificial
damping can be advantageously introduced to prevent
from large numerical oscillations due to high
frequencies.

DE used in GranOO are mainly of spherical shape,
however, there are no restrictions on the use of more
complex shapes if needed by the study. For instance,
for thermal conduction, polyhedral particules can be
used. The spheres’ radiuses vary according to a
uniform distribution to optimize the filling process of
the continuum medium avoiding a special arrangement
of DE. Otherwise, regular contact laws and cohesive
beams are used in GranOO in 3D model [19]. Fig.
illustrates the cohesive bonding of the beam type of a
discrete domain. The beam is cylindrical. The elastic
behavior of the cohesive beam bond is defined by four
parameters: two geometrical ones, the length L, and the
radius R,, and two mechanical ones, the Young’s
modulus E, and the Poisson’s ratio v, Symbol u
denote the microscopic variables [19].

A (a)

Discrete Element 2

(b)

o
—7

1 0, 'Non deformed beam median line
/

Fig.1. Illustration of the cohesive beam bod in
GranOO [19]

3. GEOMETRICAL MODELING

The concrete beam is created by a filling process.
This process allows for the building of a compacted
discrete domain that represents a continuous
homogeneous isotropic domain. It is challenged by the
following objectives [19]: i) to reach a rate of
compaction for accurate/correct modeling of the
continuums, ii) to ensure the medium isotropy. The
common filling procedure is performed in two distinct
steps: 1) a random free filling, and ii) a forced filling
[19]. In the first step, the volume to be filled is defined.
DEs, each of which has a random radius following a
given statistical distribution (uniform, truncated
Gaussian), are randomly placed in this volume. The
radius is about 25%. The volume bounding surfaces
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behave as rigid walls. This first step of filling ends
when no more DEs can be randomly added without
geometrical inter-penetration with each other. The
second step requires the filling to be completed by
forcing the inter-penetration between the DE. When no
more DEs can be placed without exceeding the
inter-penetration tolerance, a DEM calculation is
performed to allow for a re-arrangement of the discrete
domain. Then, new DEs can be put in place. This
operation is repeated till the minimal coordination
number obtained of 6.2 is achieved. Fig illustrates the
two steps filling procedure for concrete beam. The
dimensions of the beam are a length of 40cm, a width
of 10cm and a height of 10cm. This specimen is created
with 40000 DEs.

4. MECHANICAL MODELING: COHESIVE
BEAMS, FAILURE CRITERIA

Once the geometry of specimens is achieved, the
mechanical behavior is considered. The cohesive
beams are placed between the DE of discrete medium.
Fig. demonstrates the configuration of the cohesive
beams of concrete beam. The elastic behavior of the
cohesive beam bond is defined by four parameters: the
length L, the radius R, the Young’s modulus £, and
the Poisson’s ratio v, The fracture behavior of
cohesive beam is defined by the microscopic failure
stress o,

(b)

(©)

Fig 2. Filling procedure for concrete beam,
(a) pre-filling stage, (b) intermediate stage, and
(c) final compacted domain

4.1. Calibration of microscopic parameters

The bond length L,, which demonstrates the
distance between two DE centers, is automatically
constrained by the filling procedure. Instead of using
the beam radius R,,, the adimensional beam radius

r,= ﬁ preferred, where Rpg is the mean radius of

]

all the spherical DE. These parameters (7, £, v, 7 )
have to be determined by a calibration procedure.

Fig. 3. The configuration of the cohesive beams
between the DE of concrete beam

André et al. [19] have observed that: i) the
microscopic Poisson’s ratio y,, does not influence the
macroscopic  Young’s modulus £y and the
macroscopic Poisson’s ratio vy, ii) the macroscopic
Poisson’s ratio vy, depends only on the microscopic
radius ratio r, iii) the macroscopic Young’s modulus
E) depends on the microscopic radius ratio 7, and the
microscopic Young’s modulus E,,.

With these observations, [21] used 1600 samples of
glass and alumina to determine the relationship
between vy, and 7, Ey and £, and 7,..

According to [21], the method of non-linear least
squares is used to find out the best fitting function. The
relationship between vy, and r,, could be well described
by approximate function:

2 2
v =fir) =a; + brr,tcir +d,.r; (1)

Similarly, E) depends on E, and r, and it is
described by approximate function:

Ey = fo(Eury) = Eu(as + bory + vy +dyr) ) ()

The coefficients a;, b;, ¢s, d; and ay, by, ¢, d> also
depend on the coordination number cn (the average
number of interaction per discrete element, in this
study cn = 6.2). The functions express relations of
those is that:

coef; = gi(cn) = A; + Bi.tanh[C.(cn-7) + D;]  (3)

coefy = gy(cn) = Ay + Batanh[Cs.(cn-7) + Dy]  (4)

In the equation 5 and 6, coef; and coef; represent
for (a;, by, ¢y, d;) and (ay, b,, ¢;, d>) respectively.

Base on the data cloud of sample [21], the fitted
curves and the equations also found in each coefficient.

Base on the values of coefficients and valueds of
macroscopic parameters of materials, values of £, and
r, are computed (equation 7):

2 2 _
aj+br,+cpr, +dr, =vy )

2 2
E, (ay+byr,+c,r,+dyr, )=Ey
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After determining all the microscopic parameters
of discrete domain (r, , £, , v, , 7 ©3) a model of
three-point flexural test was simulated.

4.2. Failure criteria of concrete

The matrix is modeled as an homogeneous and
isotropic brittle material. The DE that constitute the
matrix are connected by cohesive beams. The failure
criteria for the brittle matrix has been developed in
[24, 25], called the Removed DE Failure process,
RDEF:, is based on the deletion of a DE when a tensile
criterion is satisfied in bonds connected to this DE. The
virial tensor is defined for each DE, as follows:
L S U (6)

2Q, j¢i2(rl.j ®fij +ﬁ/ ®Vij )

where :
(® is the tensor product;

ol is the equivalent Cauchy stress tensor for the
discrete element i;

(£2 is an influential volume around the discrete
element i;

* /i is the force exerted on the discrete element ¥
by a cohesive beam that bond the discrete element i to
another;

. 17;] is the relative position vector between the

center of the two bonded discrete elements i and j.

This criterion assumes that fracture occurs when
the hydrostatic stress is higher than a threshold critical
value - [24]:

é trace ((0;) 20 4y (7)

When the criterion is satisfied, all the cohesive
beams in (2 around the discrete element i are broken
Fig.1.

The microscopic values of o, in BBF criterion

and RDEF criterion are obtained by a numerical
calibration procedure [24].

Fig. 4. lllustration of breaking bond for RDEF criterion.

In this study, the concrete is supposed to be a
fragile material. The failure criteria used is the
“breakable bonds failure process” [23, 26], which is

driven by the failure of the bonds when a tensile

criterion is satisfied inside the bond ¥ . This tensile
criterion is based on the maximum normal stress and
simply stipulates: failure if o;, >0, and no failure if
not. The microscopic failure tensile stress o, can be
determined by a calibration procedure [19]. This
procedure realized by a tensile test on a cylindrical
sample (as for the elastic calibration) with the values
(ru, Ey, vy) are known.

5. SIMULATION A THREE POINTS FLEXUR-
AL TEST

5.1. The experiment of three-point bending test

In this study, a three-point bending experiment of
Ultra-High Performance Concrete (UHPC) beam was
performed, and the results were compared with
numerical simulation. Component of materials used in
this study are shown in Table. 2

Table. 2 Components of Concrete

Quantity of material per one m?, kg

Steel — —
fiber  Wwater Ciment Silica  Silica SD%
fume  quartz
2% 162 886 222 1109 395
Note: SD is stabilizer dose.
The dimensions of specimen are L = 40cm,

b =10cm and h = 10cm. The beam use 2% of steel fiber
and the parameters of beam were [ : = 120MPa,
fi= 12MPa and E = 40GPa. The beam was loaded to
complete damage, the force values on the hydraulic
jack and the displacements at under the middle of beam
were collected by computer (Fig.5 and Fig.6).

5.2. Numerical simulation

Based on the properties of concrete of beam
(macroscopic parameters), the microscopic parameters
(ru » Eu, vu» o) are determined by calibration process
(see Table). The geometry of the concrete beam is
shown in Fig.7 (a).

The numerical model of three-point flexural test is
performed using 40000 DEs. A vertical displacement e
is imposed on the tool in the middle of the top surface,
with the velocity 2.2 mm . The red and green particles

s
at the bottom are modeled as the supports of the beam
Fig.7 (b).
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Table 3. Calibration of microscopic parameter of
concrete material

Concrete E v Om Ou
material ~ (GPa) (MPa) Tu (MPa)
Cont1nu}1m 02 12

properties

Discrete 195 2 05 90
properties

Fig.6. Bending failure of the beam

?

o

A0e N

(a)

(b)

Fig. 7. Illustration of three-point flexural test in
continuous media (a) and discrete media (b)

The stress state in the cohesive beam during the
bending test is presented in Fig.8 The negative stresses
(compression) ared shown in green color, while the
positive stress (tesion) are show in red color (Fig.8 (b)).
When the tensile stress in the cohesive beam reaches its
microscopic failure tensile stress, the cohesive beam
breaks. Crack propagation is shown in Fig.8 (c)) which
appears at the bottom and the middle of the beam, and
then propagates perpendicularly with the longitudinal
axis of the beam. Note that in Fig.8 (c)) and Fig.8 (d)),
the red color presents the crack, no stress state, since
the broken cohesive beam is not used in the calculation.

(a) e =0mm

(b) e=0,lmm

Ll s

(©) e =0,2mm

P
i

(d) e=0,3mm

Fig.8. Visualization of normal stress in the cohesive
beam during the three-point flexural test

A numerical simulation using the finite element
method (FEM) with the parameters (material
properties, dimensions etc.) in this study is simulated in
ABAQUS. The relationship between force and
displacement is compared to the results from the
experiment and numerical model using DEM (Fig.9).

Within the elastic range, there is a strong
agreement between DEM, FEM and experimental
results in terms of the relationship force-displacement.
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However, outside of the elastic range, there is a
significant difference in the results between DEM,
FEM and experiment. The reason is the performance of
steel fibers has been not taken into account in the
numerical model.

| == DEM
| = Experimental
- FEM

Force(KN)
=
(8]

10
5 \‘
i\ |
0.0 05 1.0 15 2.0 25 3.0

Displacement [mm]

Fig. 9. Comparison between DEM,
FEM and Experiment

6. CONCLUSION

This paper uses a Discrete Element Method (3D)
for modeling the damages and cracks growth in
concrete beam. Both geometrical modeling and
mechanical modeling (i.e. calibration of microscopic
parameters and failure criteria) have been detailed. The
relationship between the material’s stress and strain is
established through the efforts in the cohesive beam.
The numerical results obtained by the three-point
flexural test regarding the appearance and propagation
of crack correspond well to the theory. The Discrete
Element Method has good potential for application in
research since it addresses in an effective manner the
difficulties encountered when the Finite Element
Method is used. Besides the advantages described in
the introduction, the Discrete Element Method also has
its own disadvantages, one of which is the required
determination of constitutive parameters before their
modelization process begins. Moreover, it is more
difficult to create material model by using the Discrete
Element Method than by applying the Finite
Element Method.

LOI CAM ON

Nghién ctru nay dwoc tai tro bai Quy phat trién
Khoa hoc va Cong nghé Qudc gia cho dé tai “Mo hinh
hoa sy phan tach 16p, sy xuat hién va phat trién ctia vét
nut trong vat liéu composite st dung mo hinh 3D trong
phuong phap phan tir roi rac”; Ma s6 107.02-2017.13.

REFEREJCES
[1] P. A. Cundall, and O. D. L. Strack, “A discrete
numerical model for granular assemblies,”

Géotechnique, vol. 29, no. 1, pp. 47-65, 1979.

(2]

(3]

(4]

(5]

(6]

(7]

(8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

108

H. Kolsky, “An Investigation of the Mechanical
Properties of Materials at very High Rates of
Loading,” Proceedings of the Physical Society.
Section B, vol. 62, no. 11, pp. 676, 1949.

P. Cleary, “Modelling comminution devices using
DEM,” International Journal for Numerical and
Analytical Methods in Geomechanics, vol. 25,no. 1,
pp. 83-105, 2001.

R. P. Jensen, M. E. Plesha, T. B. Edil et al., “DEM
Simulation of Particle Damage in Granular Media -
Structure Interfaces,” International Jouwrnal of
Geomechanics, vol. 1, no. 1, pp. 21-39, 2001/01/01, 2001.

F. K. Wittel, J. Schulte-Fischedick, F. Kun et al.,
“Discrete element simulation of transverse cracking
during the pyrolysis of carbon fibre reinforced
plastics to carbon/carbon composites,”

Computational Materials Science, vol. 28, no. 1, pp.
1-15,2003/07/01/, 2003.

Y. Matsuda, and Y. Iwase, “Numerical simulation
of rock fracture using three-dimensional extended
discrete element method,” FEarth, Planets and
Space, vol. 54, no. 4, pp. 367-378, April 01, 2002.

D. Potyondy, and P. A. Cundall, 4 Bonded-Particle
Model for Rock, 2004.

D. Yang, Y. Sheng, J. Ye et al., Discrete element
modeling of the microbond test of fiber reinforced
composite, 2010.

B. D. Le, F. Dau, J. L. Charles et al, “Modeling
damages and cracks growth in composite with a 3D

discrete element method,” Composites Part B:
Engineering, vol. 91, pp. 615-630, 2016/04/15/, 2016.

H. A. Carmona, F. K. Wittel, F. Kun et al,
“Fragmentation processes in impact of spheres,”
Physical Review E, vol. 77, no. 5, pp. 051302,
05/09/, 2008.

F. A. Tavarez, and M. E. Plesha, Discrete element
method for modeling solid and particulate
materials, 2007.

D. L. Ba, K. Georg, and C. Cyrille, “Discrete
element approach in brittle fracture mechanics,”
Engineering Computations, vol. 30, no. 2, pp.
263-276, 2013.

E. Schlangen, and E. J. Garboczi, “New method for
simulating fracture using an elastically uniform
random geometry lattice,” International Journal of
Engineering Science, vol. 34, no. 10, pp.
1131-1144, 1996/08/01/, 1996.

E. Schlangen, and E. J. Garboczi, “Fracture
simulations of concrete using lattice models:
Computational aspects,” Engineering Fracture
Mechanics, vol. 57, no. 2, pp. 319-332,
1997/05/01/, 1997.

F. Kun, and H. J. Herrmann, “A study of
fragmentation processes using a discrete element



[16]

[17]

(18]
[19]

[20]

[21]

Hoi nghi khoa hoc quéc @ Ky niém 55 nam ngay thanh lap Viéen KHCN Xay dung

method,” Computer Methods in Applied Mechanics
and Engineering, vol. 138, no. 1, pp. 3-18,
1996/12/01/, 1996.

M. Jean, “The non-smooth contact dynamics
method,” Computer Methods in Applied Mechanics
and Engineering, vol. 177, no. 3, pp. 235-257,
1999/07/20/, 1999.

D. André, J.-1. Charles, 1. Iordanoff et al., “The
GranOO workbench, a new tool for developing
discrete element simulations, and its application to

tribological problems,” Advances in Engineering
Software, vol. 74, pp. 40-48, 2014/08/01/, 2014.

D. H. Eberly, “Game physics,” CRC Press, 2010.

D. André, I. Iordanoff, J.-1. Charles et al., “Discrete
element method to simulate continuous material by
using the cohesive beam model,” Computer

Methods in Applied Mechanics and Engineering,
vol. 213-216, pp. 113-125, 2012/03/01/, 2012.

E. Rougier, A. Munjiza, and N. W. M. John,
“Numerical comparison of some explicit time
integration schemes used in DEM, FEM/DEM and
molecular dynamics,” International Journal for
Numerical Methods in Engineering, vol. 61, no. 6,
pp- 856-879, 2004.

D. A. Truong Thi Nguyen, Nicolas Tessier-Doyen,
Marc Huger, “Discrete Element Modelling: a
Promising Way to Account Effects of Damages
Generated by Local Thermal Expansion
Mismatches on Macroscopic Behavior of
Refractory Materials,” Unified International
Technical Conference on Refractories, 2017.

[22]

(23]

[24]

[25]

[26]

109

L. Maheo, F. Dau, D. André et al., ““A promising way
to model cracks in composite using Discrete Element
Method,” Composites Part B: Engineering, vol. 71,
pp. 193-202, 2015/03/15/, 2015.

F. Camborde, C. Mariotti, and F. V. Donzé,
“Numerical study of rock and concrete behaviour
by discrete element modelling,” Computers and
Geotechnics, vol. 27, no. 4, pp. 225-247,
2000/12/01/, 2000.

D. André, M. Jebahi, 1. lordanoff et al., “Using the
discrete element method to simulate brittle fracture
in the indentation of a silica glass with a blunt
indenter,” Computer Methods in Applied Mechanics
and  Engineering, vol. 265, pp. 136-147,
2013/10/01/, 2013.

M. Jebahi, D. André, F. Dau ef al., “Simulation of
Vickers indentation of silica glass,” Journal of
Non-Crystalline Solids, vol. 378, pp. 15-24,
2013/10/15/, 2013.

G. A. D'Addetta, F. Kun, and E. Ramm, “On the
application of a discrete model to the fracture
process of cohesive granular materials,” Granular
Matter, vol. 4, no. 2, pp. 77-90, July 01, 2002.



Hoi nghi khoa hoc quéc té Ky niém 55 nam ngay thanh lap Viéen KHCN Xay dung

AN EXPERIMENTAL STUDY ON THE LOAD - CARRYING CAPACITY
OF UNRESTRAINED RC SLABS WITH CONSIDERING MEMBRANE ACTION
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ABSTRACT: It has been long recognized that membrane action mobilizing at large deformations could greatly enhance
the load-carrying capacity of two-way reinforced concrete (RC) slabs. Under accidental scenarios such as column loss
scenarios, the enhanced load-carrying capacity play an important role to mitigate progressive collapse of building
structures. This paper presents the membrane behaviour of two RC slabs that are statically loaded to failure by uniformly
distributed loads. The results of the tests have also been compared to the yield-line method and the previously developed
design method which incorporates membrane action of floor slabs (Bailey’s method).

KEYWORDS: Laterally unstrained reinforced concrete slab, Yield-line prediction, Membrane action, Bailey’s method,
Crack, Large deflection.

NOTATION
a aspect ratio (L/1)
A, cross-sectional area of section (mm?)
d, effective depth of slab (mm)
e overall enhancement of theoretical yield-
line load due to membrane action
e;, e, netenhancement for Element 1,2
e, €, enhancement due to bending action for
Element 1,2
eme enhancement due to membrane forces for
Element 1,2
epailey  Overall enhancement of Bailey’s method at
maximum  deflection in central of
span AZ,
er.y  overall enhancement of test at deflection in
central of span equals AZU
e maximum overall enhancement of test
E steel’s modulus of elasticity (kN/m?)
7. compressive cube strength of concrete
(N/mm?)
5 yield strength of reinforcement (N/mm?)
fu ultimate strength of reinforcement (N/mm?)
[(I)  shorter span of rectangular slab (mm)
L () longer span of rectangular slab (mm)
m bending moment resistances of slab per unit
width (Nmm/mm)
my,m, bending moment resistances of slab per unit
width in direction of x and y (Nmm/mm)
U coefficient of orthotropy
Wyiela  yield-line prediction (kN/mz)

st yield-line prediction for slab S1 (kN/m?)

vield

sz yield-line prediction for slab S2 (kN/m?)

yield

W virtual vertical displacement at centre of
slab (mm)

4, displacement at each rigid slab segment
(mm)

A" bailey method’s maximum deflection in

Bailey

central of span (mm)

D rotation at yield line

1. INTRODUCTION

It has long been recognized that, design of
reinforced concrete (RC) slabs according to yield-line
(YL) theory is a well-founded method because of its
advantages such as economy, ease of use and
convenience. However, from the observations in
full-scale fire tests as well as in small-scale laboratory
experiments, it has been practically proven that the
design capacity of slab which calculated on the YL
theory is very conservative. The conservativeness is
mainly due to the membrane behaviour of RC slabs that
is in most cases not considered in design practice [1].

In design practice, although the load safety is
considered as the governing factor, the limits of
deflections and the crack widths are equally
important. Therefore, the design of reinforced
concrete slab always relies on the theory of small
deformation [2]. However, due to accidents such as
column loss scenarios and fire, the load-carrying
capacity of the RC slab becomes the top priority.

The actual capacity of the slab is higher than the
yield-line capacity (YLC) [3] due to the presence of
the membrane actions. There have been a number
of theoretical and experimental studies that were
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conducted to investigate the effects of MA [4-12] on
the load-carrying capacity of RC slabs under large
displacements. The results from these studies show
that the MA is capable of enhancing the capacity of
the slabs. The boundary condition is an important
factor for the development of the in-plane membrane
forces within a slab which can significantly increase
the load-carrying capacity compared to the bending
resistance of the slab.

The development of tensile membrane action
theory for simply-supported rectangular slabs with
orthotropic reinforcement has made a significant
contribution of Hayes [9]. Bailey and Moore [13]
have improved Hayes's method to apply in high
temperature conditions, namely the Bailey-BRE
method. This method is now widely used in the UK
(United Kingdom) when designing composite
fireproof panels. Significant cost savings could be
achieved by using membrane action since the number
of steel beams to be used for fire prevention is
significantly less than the previous design method.
Research of Vecchio and Tang [6] for the compressive
membrane action that the in-plane compressed force will
be generated in the laterally restrained slab due to limited
expansion. The compression force result increases
significantly in the flexural capacity of the slab.

It should be noted that, the occurrence of
membrane action at very large deflections in the
two-way slabs with and without horizontal restraints
is known as tensile membrane action. When the
concrete may crush completely at advanced stages of
deformation, only the reinforcement to act as a tensile
net. Further, in the case, the slabs without horizontal
restraint which held the vertical load by tensile
membrane action developing in the slab’s centre and
compressive membrane action establishing around the
perimeter of the slab as a ‘ring’ [7].

The influences of the membrane behaviour are
beneficial when the building must mobilize all the
reserve strengths and stiffness to survive the hazard.
This paper presented two small-scale tested laterally
unrestrained lightly reinforced concrete slabs, under
uniformly distributed load, in load-controlled manner
until the collapse of the structure. The objectives of
the present study herein:

(i) to present experimental investigation on the
membrane behavior of RC slab subjected to uniformly
distributed load to failure;

(i1) to compare and evaluate the analytical method
proposed by Bailey. This method has been widely

used in Europe to assess the load-carrying capacity of
lightly RC slab under fire.

2. EXPERIMENTAL PROGRAM

2.1 Details of test specimen and boundary condition

In the experimental program, two RC slabs,
named as S1 and S2, with the dimensions (in mm) of
2060x1660x40 and 2060x1660x50, respectively are
used. Each tested slab was placed on 75 mm wide
angle with steel edges, which provided vertical
support around its perimeter (as shown in Fig 1). This
leads to the test area of 1910 mm x 1510 mm. No
horizontal restraint was provided to the slab’s
perimeter (Fig 2).

Size of slab

Steel edge ~7 Steel edge
75mmu Assumed span L | 75mm

Figure 1. Assumed slab span

Figure 2. Boundary of tests

2.2 Concrete material

Concrete mix is shown in Table 1 for each testing
slab. Concrete mix used has fine aggregates with
maximum diameter of 10 mm. The proportions of the
concrete mix composed of gritty sand with a fine
aggregate ranging between 5 and 10 mm, a cement-
sand ratio of (1:1.24 and 1:1.21) and a water-cement
ratio of (1:2.18 and 1:2.26) for S1, S2, respectively.
The concrete cover is 5 mm. After 28 days, they were
cured in the environmental conditions in the
laboratory, three cubes (150x150x150 mm) were
tested to load-controlled compression. An average
compressive strength of /7. = 25 MPa and 30 MPa
was found from the cube specimens for S1, S2,
respectively.

Table 1. Concrete mix of testing slabs

Ingredient | Cement | Sand | Aggregates | Water
PC30 Dpax = 10
(kg) (kg) (kg) (kg)
Slab S1 111.4 138 286 51
Slab S2 97.4 118.5 237 38.12
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2.3 Reinforcement

The longitudinal bottom reinforcements were
made of round wire of a diameter of 4 mm, with the
spacing of 136 mm and 183 mm in the slabs S1 and
S2, respectively. Therefore, the total reinforcement
ratio used in the two testing slabs was at 0.28% and
0.16%. Additionally, the traction test was performed
on three specimens of round wire in order to determine
the actual tensile strength of steel. An average tensile
strength was f, = 280 MPa and f, = 502 MPa for yield
capacity and ultimate tensile capacity. The longitudinal
reinforcement bars were bent at each end in order to
properly anchor them in the edge of slabs.

1660 + 1660
75 B T 75,
Fr=—rd T
| $4@136 | | $4@183 |
8 ! 8 B
S ® S b
“ Boundary line| = : ~ Boundary lingl < :
7 IR N Rl

Reinforcement layout for S1 slab Reinforcement layout for S2 slab

Figure 3. Reinforcement layout of test specimens
(dimensions: mm)

2.4 Loading method and instrumentation

Slabs are loaded step by step to obtain different
values of load, under uniformly distributed load, in
load-controlled manner until the collapse. The
uniformly distributed loads applied in these tests were
simulated by a 12-point loading system, denoted P1 to
P12, through 4 metallic supports. The plan dimensions
of a support are 750 mmx750 mm (Fig 4). Four
support of concrete cubes were used to load the test
area of 3.42 m’ One concrete cube size was
150x150x150 mm’ with an actual weight of 0.08 kN.

750
1 260, 1115

wor2 T 11

S .
. iy e =
|P3 AszPsL A|=5| ;*ﬁ

= — e A
T o B 18

R o]
| 12NN .-
PPy Thy

Y
[ LVDT—"-I —
g 1660

Figure 4. Layout of loading points and LVDT
(dimensions: mm)

The support transfers load to a designated area
through three legs in a wuniform triangular
arrangement. The centroid of the triangular
arrangement was made to coincide with that of the
support in order for the pile load to be equally
distributed to three legs.

Figure 5. Illustration of loading test on testing slabs

Both slabs S1 and S2 were statically loaded to
failure with a load control procedure. Each loading
step was progressed by adding concrete cubes on each
of four piles. The duration between two consecutive
steps was about 5 minutes for the test data
(displacements at five indicators) to be recorded.

Figure 6. Four supports of loading test

There were 34 loading steps (in 3 hours) and 25
loading steps (in 2 hours) to test slabs S1 and S2,
respectively. The instrumentation was five
displacement indicators, named LVDT-1 to LVDT-5.
LVDT-5 was positioned at the centre of the slab to
measure the vertical displacement of the slab centre.
The remaining four instruments (LVDTs-1, 2, 3, 4)
are mounted at the four midpoints of the four floor
edges which measure the vertical displacement of
the midpoint of the four edges of the slab (Fig 4, 5,
6&7).
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Figure 7. Layout diagram of the five instruments

3. DISCUSSION OF EXPERIMENTAL RESULTS

3.1 Yield line calculation

A yield-line approach is employed to evaluate the
ultimate flexural load-carrying capacity of the test
specimens. The yield lines pattern is approximated
based on the formation of the surface cracks (Fig
11&13) of laterally unrestrained RC slabs. The
bending moment resistances of slabs per unit width
are m, and m, of slabs (Fig 8). The slab ultimate
bending resistance per unit width is given as follows
Eq (1) (Park and Gamble, 2000) [1].

Afy

c
where A4 is the tension reinforcement area per unit
width of slabs, and d; is the effective depth of slab.

I«

my= A f,(dy —————) (1)

45¢

ly i)

my

X

Figure 8. Yield-line configuration
of the test specimens

In the plastic stage, any vertical downward
movement at the centre slab will cause a displacement

of 4, at each rigid slab segment and a rotation @ at the
yield lines. The corresponding virtual work equation
is written as Eq (2).

z leldA

The term Z Wy Tepresents the external work

=2(ml +m 1, )¢ @)

done by total loads (wy;s). The terms on the right-
hand side consist of internal work done by bending
moments along the yield lines of the slabs.

Table 2. Ultimate bending resistances

of testing slabs
As ds _]g) f,c My
Slab (mmzj (mm) [ N ) ( N j (Nmm)
mm mm” mm? mm
S1 0.0924 33 280 25 837.6
S2 0.0686 43 280 30 753.38

Given a virtual vertical displacement y, at the
centre of the slab, the external virtual work due to
uniform load (wy,.q) is calculated by Eq (3).

z leldA

Since the virtual vertical displacement y, is small,

2V
yleld [ [

2, zy)zy%] 3)

the rigid rotation @ of slab segments is determined by
yo—thatis, @ = (2yy/l,). Therefore:

2(myd 4ml, )21 [ y0+(1 —1,1, % 2@

y

yzeld

Hence, the yield-line prediction of the test
structures, w4, 1 calculated by Eq (5).

2(ml+ml)/

j 6]

Hoeld = z/ (I, 1)1/
Since the test specimens were isotropically
reinforced, it is approximated that m, = m, = m,,. The

yieldline prediction wy;.,. Can be rewritten in Eq (6)

as follows:
4m,,(1+ / )

Wyila = / (L,~1,)I, /

The ultimate bending moments of slabs are given
in Table 2 and the yield-line predictions for test
specimens are shown in Table 3.

(6)

Table 3. Yield-line prediction for test specimens

Slab Ix [ y mxy VVyield
(mm) | (mm) | Nmm/mm) | (KN/m?)
S1 1910 | 1510 837.6 7.11
S2 1910 | 1510 753.38 6.94
3.2 Results

Figure 9 compares the load-displacement curve of
specimens S1 and S2, the deflection in central span used
to construct these curves. The next section discusses the
detailed results of each experiment. The loading process
for both specimens was divided into three phases shown
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in Table 4 as shown in Fig 10 and 12. Basically, the

behavior of the two specimens is similar.

20

Load

18

The load—deflection curve of specimens
S1 and S2 (kN/m2-mm)

51 _
wikig=7.11

0

Figure 9. The load-deflection curve of slabs S1 and S2

10 20

30 40

Wy i1 =6.94

Deflection in central span

50 60

Table 4. Yield-line prediction for test specimens

Value domain of load W (kN / mz)
Slab Value domain of deflection A(mm)
Stage 1 Stage 2 Stage 3
S1 Section Section CD | Section DE
Fig OoC 7.05—->12.47 12.47 ->18.44
10 0—-7.05 4.21—51.98 51.98 - 59.78
0->4.21
S2 Section Section CD Section DE
Fig OoC 11.93 >14.10 | 14.10 >18.98
12 0—->11.93 5.39 554.05 | 54.05 > 62.64
0—->5.39
Slab 1

Fig 10 shows the load-deflection curve of slab S1
obtained from the test.

Stage 1: The linear load-deflection behaviour-no
membrane behaviours

This stage starts from point 0 to point C. There are
two notable points in this period: point A (3.79
kN/m?) and point B (4.34 kN/m?). The load OA
segment increases linearly with the deflection. This is
a linear elastic working phase. There are almost no
cracks on the slab surface. When the load increases
from 3.79 kN/m” (point A) to 4.34 kN/m® (point B),
the stiffness of the slab S1 decreased slightly,
meanwhile load-displacement relations remain linear.
This is evident in the Fig 10 where the BC segment
has a smaller slope than the OA segment. At this time,
first cracks appeared on the slab surface.
Corresponding to the deflection in the central span is
421 mm, the load increases to the value of 7.05
KN/m* (point C) which is approximately equal to

yield-line prediction (wﬁiild =7.11 kN/m®) as shown
in Table 3. The pattern of the yield-lines formed on

the bottom face S1 obtained from the experiment is
shown in Fig 11.

& Load-deflection Slab S1 (kN/m2-mm)

20
18.44
18 E
16
14
12
10
S a=7-11
8 C(7.05) Wyieta=/-
6
4
A

2
o 421 Deflection in central span 51.98 59.78

0 10 20 30 40 50 60

Figure 10. Load-deflection relationship of slab S1

Stage 2: The nonlinear load — deflection behaviour
(plastic behaviours)

This stage extends from point C to point D
(corresponding to increasing load from 7.05 to 12.47
kN/m?®). Since there are many cracks, the robustness
of the slab is reduced sharply by the horizontal slope
of the CD. There are no new cracks, but the recent
cracks continue to expand not just on the surface but
also penetrate the thickness of the slab. The
reinforcement continues to yield, rigid segments of the
slab rotate around the yield lines as the deflection
increases rapidly.

Figure 11. Cracks distribution of slab S1 in stage 1

Stages 3: Tensile membrane behaviour

This stage from point D to point E (corresponding
to the load level of 18.44 kN/m?) on the Fig 10. The
deflection had slowed down, and the reason being at
curves around the plastic lines, the rigid segments
have established a new equilibrium. If the load
continues to increase, the major deformation of the
floor shall be the longitudinal deformation of the
reinforced steel, deformation due to rotating of rigid
segments decreases. When the load reaches 18.44
kN/m* and the floor deflection is 1.5 times the floor
thickness (59.78 mm).

Slab 2

Fig 12 shows the load-deflection curve of slab S2
obtained from the test.
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20

Load-deflection Slab S2 (kN/m2-mm)  E(18.98)4
18
16 /
14 f

C(11.93) D(14.10)

Load

B(8.13)

8 52 _
Wyleld_6'94
6 [A(7.05)
4
2
0 Deflection in central span 54.05 62.64!
0 28 1o 20 30 40 50 60

Figure 12. Load-deflection relationship of slab S2

Stage 1: The linear load—deflection behaviour-no
membrane behaviours

In this stage, the load increases almost linearly
with the deflection. Load increases from 0 to 7.05
KN/m® (point A) which is approximately equal to

yield-line prediction Wiiild =6.94kN/m” as shown in

Table 3. The load-defection relationship developed
according to the same rule for the two specimens in the
OC segment (linear behaviour phase). At the end of this
period, however, the load-carrying capacity of slab S2
was 11.93 kN/m® (point C in Fig 12), almost twice as
large as the S1 (7.05 kN/m*-point C in Fig 10). This is a
big difference in the behavior of the two slabs, although
their  yield-line prediction is almost equal

(Wig = T1IKN/m’, wiZ,, =6.94kN/m?). Specifically,

for two load levels of 7.05 kN/m* (point A) and
8.13kN/m? (point B), there is a slight decrease in the
stiffness of the slab. Figure 12 shows the slope of the
BC segment smaller than the slope of the OA
segment. This is because the concrete has started to
crack. The yield-line pattern formed at the underside
of specimen S2 is shown in Fig 13.

Figure 13. Crack pattern of slab S2 in the first stage

Stage 2: The nonlinear load—deflection behaviour
(plastic behaviours)

This stage extends from point C (11.93 kN/m?) to
point D (14.10 kN/m?). Since there are many cracks,

the reinforcement ratio of the slab S2 (0.16%) is
small, resulting in a sharp drop in the stiffness of the
slab. The CD is almost horizontal. The deflection in
central span increases rapidly while the load increased
negligibly. At this time the yield-lines are formed, the
rigid segments within the slab rotate around the yield
lines to set up the new equilibrium which greatly
increases the deflection. At this stage the number of
cracks increased, the width of the crack expanded
resulting in a reduction in the contribution of concrete
to the overall strength. Moreover, with smaller
reinforcement ratio, the stiffness of slab S2 is smaller
than slab S1 as shown in Fig 9.

Stages 3: Tensile membrane behaviour

This stage is started from point D to point E
(corresponding to the load level of 18.98 kN/m?) in
Fig. 12. In this stage, behaviour of the slab S2 is the
same as the slab S1. Therefore, it can be interpreted
like as the S1, as above present. When the load
reaches 18.98 kN/m” and the floor deflection is 1.25
times the floor thickness (62.64 mm) the
reinforcement still is not fractured. It is clear that, at
this stage the stiffness of the slab S1 is greater than
the slab S2, as shown by the slope of the slab S1
deflection-load curve is greater than slab S2 (Fig 9).
This is the time when the concrete is completely
crushed, leaving only the reinforcement works as a
tension net, in addition, reinforcement ratio of the slab
S1 (0.28%) is larger than the slab S2 (0.16%).

4. COMPARISONS OF LOADING CAPACITY
BETWEEN ACTUAL TESTS AND SIMPLIFIED
METHOD (BAILEY’S METHOD)

Bailey’s method to predict the
behaviour of laterally unrestrained RC slab.

membrane

Tension

Figure 14. The distribution of the in-plane membrane
force along yield lines assumed in Bailey’s method

The Bailey method is presented briefly below (see
details in the reference [13]).

For the laterally unrestrained RC slab, the yield
line pattern in which the slab is divided into four rigid
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bodies. Assumption of rigid plastic behavior, the
distribution of membrane force in the plane as shown
in Fig. 14. Establishing equilibrium equation for four
rigid bodies to find out these membrane forces [12].
Next, compare the bearing capacity of these
membrane forces with the yield-line prediction (wy;eq)
by the e-coefficient (the enhancement strength ratio)
[11,12,13] which is the strength of the slab with
considering the in-plane membrane forces divided by
the yield-line prediction without considering the
in-plane membrane forces [13]). The enhancement
strength ratio-e is calculated by Equation (7).
€ ¢

(7

e=e¢ ————
" re2 ,ua2
where a being the aspect ratio of the slab (L/l) and u
being the ratio of the yield moment capacity of the
slab in orthogonal directions. The values e; and e, are
calculated based on the equilibrium of elements 1 and
2 [13] as Eq (8).

e =€, tey, e=¢e, tey 3

where e;,, and e, are the contribution of membrane
forces to the loadbearing capacity of elements 1 and 2,
respectively; e;, and ey, are the factors taking into
account the effect of membrane forces on the bending
resistance due to the presence of axial force of
elements 1 and 2, respectively.

According to Bailey’s method, the largest e-
coefficient when the maximum deflection in central of
span is approximate according to the following
equation (9).

max 0.5f, 3
(—= )R(,,-W.T )

A Bailey - E

With the initial design parameters of slab S1 and
S2 (f, = 280 kN/m’*, E = 204882 kN/m*, L = 1.91m)

given A’ =30.57mm, the e-coefficients calculated
ailey

according to Bailey's method are 1.325 and 1.251 for
slab S1 and S2, respectively.

-

Enhancement of real capacity compared /
euit=2.594 //'

to yield-line capacity of Slab S1

2.5

Real capacity/yield-line capacity

€Bailey=1.325 o
15 \ Vel
///
1 S—
f ,’_?, erest=1.319
/ o
l' %)
05 7 ”a
{ 5
! i
o / < Deflection in central span (mm)
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Figure 15. Enhancement of actual capacity compared
to yield-line prediction of slab S1

Figure 15 shows the e-coefficient of slab Sl
obtained from the experiment. At the deflection of
30.57 mm, the test results give er, = 1.319 is slightly
smaller than that of Bailey (epaie, = 1.325). Thus, the
experiment results were slightly less secure than
Bailey's. This is shown clearly in Figure 11. The
maximum e-coefficient obtained from the experiment

1s e’ =2.594.

Test

Figure 16 shows the e-coefficient of slab S2
obtained from the experiment. At the deflection of
30.57 mm, the test results give erpy, = 1.751 is
significantly higher than that determined by Bailey
(€Baitey=1.251). Thus, the results of the experiment are
quite safe compared to Bailey's theory. This is shown
clearly in Fig 16. The maximum e-coefficient

obtained from the experiment is e, =2.736.

Table 5 compares the enhancement strength ratio
obtained from the experiment and Bailey's method
finds that the value obtained from the experiment is
much greater than that calculated by Bailey's theory.

Enhancement of real capacity compared
to yield-line capacity of Slab S2

_#

2.5 max_ -
€rest=2.736

o
£
o
2
z P4
, 2 erest=1.751 /
o
8 /
Q
[+ ——
™
15 & {/
/
[
1 n _
2 eBailey_1-251
| I
>
0.5 / Y
]
o / “<|]n Deflection in central span (mm)
0 10 20 30 40 50 60

Figure 16. Enhancement of actual capacity
compared to yield-line prediction of slab S2

Table 5. Comparison of e-coefficient
values calculated by Bailey’s method
and experimental results

Wea Wiw | G | Coo |
(KN/m?) | (KN/m?) Cpure
SlabS1 | 7.11 | 18.44 |2.594|1.325|1.958
SlabS2 | 6.94 | 1898 |[2.736] 1.251 | 2.187

5. CONCLUSIONS

The study represents the results of the loading test
that carried out on two laterally unrestrained RC slabs
subjected to uniformly distributed load to failure. The
behaviour of testing slabs has been analyzed in the
following 3 phases: (i) linear relation of load-
deflection, (ii) nonlinear relation of load-deflection,
(iii) tensile membrane action. In general, the
behaviour of two testing slabs is quite similar: the
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yield-line pattern, collapse form, large displacement
and load-carrying capacity. It has been experimentally
proven that there is a shift from bending mechanism
to the membrane mechanism controlled by tension.

The tested maximum enhancement of the load-
carrying capacity of the two specimens is 2.594 and
2.736 for slabs S1, S2, respectively. These
experimental values are about 2 times of the
calculated values by the theoretical formula in
Bailey’s method.
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ANALYSIS AND COMPARISON OF 3-LEGGED AND 4-LEGGED
JACKET STRUCTURE FOR OFFSHORE WIND-TURBINE
INFLUENCED BY THE SCOURING EFFECT
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ABSTRACTS: Throughout the period of thirty years, the energy industry is known as one of the most developing fields in
the world. Moreover, the wind energy industry in objective and the offShore wind power in subjective is one of the main
eco-friendly sources of energy for humankind. Due to the needs of applicability and economic efficiency, the larger size of
offshore wind turbine structure needs to go further to the ocean. However, as far as we went to the ocean, the more
complicated states of environment we got so that we need to fully analyze and comprehend the behavior of the support
structures against the severe or extreme weather conditions. During this study, the state-of-the-art of scouring prevention
systems also support structure for offshore wind turbine are shown. Furthermore, steel pile foundation, which has a
penetration length of 35m, the diameter of 2.5m with S5cm thickness, is a primary choice to anchor the jacket structure and
wind turbine with 161.6m total height to the sea floor. This paper will analyze the offshore jacket’s behavior within the
Ultimate limit state (ULS), the scour and sand waves in general, supports for the SMW offshore wind turbine. These results
will provide an overall view between 2 different types of the structure against the scour and uneven seabed level caused by
sand waves. The deformations and the Von-Mises stresses of the 3-legged and the 4-legged jacket were compared, in order
to fulfill the gap of understanding these two types of support structures. The result of this study will be useful for
considering a suitable jacket and optimal scouring prevention methods to be executed for the future project.

KEYWORDS: offshore, wind-turbine, foundation, jacket, scouring, sand wave.

1. INTRODUCTION i i " i 0

When designing the offshore structures supporting
for wind turbine, designer has to concern of technical,
economical sides also the ease of construction of
structures. This report will helps structure designers to U-"
decide which scouring prevention system and type of |
jackets (3-legged or 4-legged) could be considered to [

use in their concept and basic design. SR At e, IR Do e B Tealba e

2. THE BASIC OF OFFSHORE WIND TURBINE Figure 1: Offshore wind substructure designs for
STRUCTURES varying water depths [5]

2.2. Scouring, sand wave prediction and prevention
methods for jacket structure

2.1. Wind turbine structure

In general, the principal function of supporting
structure is to hold the wind turbine in balance during
every state of circumstances. In Figure 1, five ‘[
different types of main supporting structure for the P
offshore wind turbine are listed below in the following
order from shallow to deeper sea level: monopile or
gravity-based, jacket/tripod, floating structures. For
each location with a specific range of water depth, the <
suitable structure types are recommended in term of
cost efficiency, fabrication and installation methods. lyer 5
Furthermore, inside [1,2,3] and [4] explains the design
methods, the manufacture, transportation, installation

2.2.1. Scouring

Horseshoe

Lee-wake
vortices

Vortex

Boundary layer
process, also the analysis and checking procedure for 2RO
each support structure. Picture 1: Scouring effect around a vertical pile
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Based on the DNV Standard [1], “Scour is the
result of erosion of soil particles at and near a
foundation and is caused by waves and current.” -
Picture 1. There are two main type of scours: global
and local scour.

- The global scour depth [6] (due to a 2x2 pile
group) is defined by:

SG=0,37.Deu (Eq. 1)
- The global scour extent is equal to:
rg= Sg/tan(@/2) (Eq. 2)

in which: ¢ is the friction angle of the soil.

Nonetheless, engineers should remember to
consider the distance between each pile centers (L), if
L is higher than the value of 6.D.,; then the global
scour has not to be taken into account [7].

- The local scour depth (SL) with the expected value:

St.e=1,3.Dcal (Eq. 3)
From [3], the maximum value of local scour depth:

SL.m=2.Deal (Eq.4)
Considered the standard deviation of the

measurements, also taking into account some joints are
situated between 2,5 and 5,0m above the seafloor [6].

The local scour extent (1) with the estimated radius:

rLp= 0,5.D¢y + Sp/tan(¢/2), (Eq.5)
and the maximum radius:
1.,p=0,5.Dca + SLw/tan(¢/2). (Eq. 6)
- The total scour depth:
e The expected total scour depths:
Ste=SG* SLe (Eq. 7)
e The maximum total scour depths:
ST,m = SG + SL,m (Eq. 8)
- The total scours extent:
e The expected radius:
rT,e = 0,5.Dcal + ST,e/tan(p/2) (Eq.9)

e The maximum radius:

rT,m = 0,5.Dcal + ST,m/tan(¢/2) (Eq. 10)

The total scour depth will be varied between 0 to
5-meter depth (Picture 2) and the scour extent could
increase to 8 meter wide while the steel pile’s
diameter is D =2.5m.

Seabed | Scouring

Picture 2: Example of scouring models

2.2.2. Sand wave

Basically, the seabed is not totally flat; there are
some different form of the bed form for offshore
locations and sand wave is one of the typical features
of changing form’s seabed (Picture 3). They are nature
migrating, long spatial and temporal scales may
interfere with offshore activities [8].

LALENRTINN

Picture 3: The phase, amplitude and wavelength of
natural sand waves vary in space [9]

Sand wave is more important in the pile line
installation than the jacket structure. The different of
the seabed level between 2 legs of 25m is around
0.5m [8], and they are migrating up to 10m a year.

Figure 2:
The sand
wave model

type 1

Figure 3:
The sand
wave model

type 2

Figure 4:
The sand
wave model

type 3

Seabed ]

Within the sand wave model, the study will take
into account the maximum depth of Im during the
extreme condition also three different type of sand
wave could occur during 20-year of structure’s service
life (Figure 2, Figure 3, Figure 4).

2.2.3. The Method of Preventing the Scouring Effect

a. Gravel scour prevention

One of the common strategies for protecting the
structure against scour is to set up a layer of
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stone/gravel on the sea floor around the foundation
(Picture 4).

Picture 4: Typical scour protection design [10]

b. Geotextile sandbags (GBS)

The study from Peters and Werth from 2012 [10]
showed that there are some advantages by using
geotextile sandbags for scour protection. Firstly, the
whole system needs only two layers and does not
require an additional layer of granular filter or
cover layer.

Geotextile containers
(2 layers) as scour protection

— Batoremalie
/ 6,063, 0o, 35m

Picture 5: The Geotextile containers solution

Thus, the prefabricated and installing the
prevention system is simplified and causes no
damages to the foundation during the constructing
process (Picture 5). Secondly, the GCB is an flexible
system connects each sandbag by the interlocking
effect. Besides, the GBS system is installed to the
whole area before pile installation stage, protects the
structure and the foundation area from the very
beginning of service life.

¢. Rock-filled filter bags (RFU)

The mesh net makes the rock-filled Filter bags
system (RFU) then filled with stones (Picture 6); this
solution protects marine cable, pipeline, and monopile.

Picture 6: Filter Unit protects wind turbine foundation

RFU system has been developed by a Japanese
company named KYOWA, which got several
achievements throughout the period from 1995 until
now [11]. Several advantages such as durable, non-
corrosion, non-contaminated material, eco-friendly
habitat for aquatic wildlife in wind farm.

d. Frond mats (FM) and articulated concrete
mattresses (ACM)

Frond mats (Picture 7) includes the continuous
lines of overlapping floating polypropylene fronds,
when the systems activated, create a barrier that
relatively decreases the velocity of the current [12].

The other options are using the concrete mattresses
in order to change the sea floor’s surface. The ACM
system could provide the protection and stabilization of
the protected objects, scour protection, being a support
or the foundation for the subsea activities, and so on.
However, this option is a relatively high cost due to the
prefabricated and construction process.

Picture 7: Scour control system
e. Rubber derivatives (RD)

One of the most advanced solutions for scouring
effect is rubber derivatives system (Picture 8). The
RD system composes from the recycled tires and the
polypropylene rope, which are durable and low-cost
material. The Scour Protection group is developing
this solution also the supply chain program for the
rubber derivatives system. The benefits of the RD
programs is undeniable; because of the low-cost
material has been used, the environmentally friendly
product for flora and fauna around structures, the ease
of installation, and so on [13].

Picture 8: Scour prevention system by using
recycled rubber tire
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2.3. Wind, wave and current

2.3.1. Wind

By looking into the chapter 5.2: Wind pressure of
the standard [14], these formulas will be applied to the
project to determine the wind pressure and distribute
wind force to the tower, and the jacket structure
depends on the altitude.

The 10-minutes mean wind speed in 50-year
returning period will be taken as Vs = 70m/s. The
dynamic pressure from the wind will not be included
in the wind load case.

Thus, the working pressure from the blade is referred
from the Appendix F of the Dynamics modeling and
loads analysis of an offshore floating wind turbine within
the mean wind speed of 50m/s [15].

2.3.2. Waves

Wave speed,c

1IN H:7I-\ R f
‘\\.-/w__h . i\\\ ’
| 1

Wave period, T=A/c d

Surface elevation
shown at 1=0

Figure 5: Regular traveling wave properties

The following theory is Stokes wave theory which
is an expansion of the surface elevation in powers of
the linear wave height H (the maximum value of the
wave height is higher than linear theory) [14]. The
Stoke Sth theory will be applied in modeling the wave
inside MIDAS Software for 3D load model then
compare with the result from Airy theory (Figure 5).

The water depth of this location is assumed
around 45m which means the Mean still water level
(MSL) is 45m. The additional tide or stormwater level
are not being taken inside this study.

The maximum wave height in 50-year returning
period Hpuso = 14.88m, with the period of 12.47s.
The current speed in 50-year returning period
U50 = 1.4m/s.

2.3.3. Currents

The current is combined with a wind-generated
current and a tidal current, and a density current when
relevant.

The value of current’s velocity relate with water
depth could be taken as mentioned in [1].

2.3.4. Combine wave and current

Morison’s theory will be applied to calculate for the
fixed structure in waves and current, moving structure
in still water, moving structure in waves and current.
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2.4. Soil and structure reaction

Following the paper [16] show the most general
form for either a horizontal or lateral modulus of
subgrade reaction.

In order to have the general scope of the structure
behavior, researcher decided to consider only four
layer of soil which is Medium Sand (from 0-5m
depth), Stiff Clay (from 5 - 15m depth), Dense Sand
(15-30m depth) and Hard Rock (30 - 35m depth). The
geotechnical study could be referred to Figure 6.

Layer D(z);h [0) (ISII\JI/ (k\I/\I/ Sc|Sy|n|C
m’) | m’)

Sand | 0-5 |36.1| - 11 [1.3]0.6/0.6| 40

Clay | 5-15 - 300 | 10 [1.3]0.6]0.6|40

Sand | 15-30 | 36.1 | - 11 [1.3/0.6]0.6| 40

Rock | 30-35| - - - -l - - -

Figure 6: The Soil Properties

3. WIND TURBINE JACKET STRUCTURE

The NREL-5MW is the basis chosen for most of
the offshore wind turbine structures. The report [17]
shows the overall information for the SMW Wind
Turbine structure.

3.1. Model of 3-legged and 4-legged jacket

Almost all elements of the jacket structure is
assumed to be made of structural steel S460, which
has the density, Young's modulus, Poisson's ratio, and
yield stress are 76.98 kN/m’, 2.1e+08 kN/m?* 0.3,
460MPa, respectively.

The tower base has to follow the regulation of
DNVGL standard [3] which shown in Figure 7.

z, =LAT+Az +Az, +&*  (Eq.11)

base tide

+ Az

surge

With &* =6.H

max,50 *

Also, the geometries of 3-legged and 4-legged are
shown in Figure 8, Figure 9 and Figure 10.

|

Tower Base

e
el

Air gap _k | ~ . Highest crest
Wave crest j ' elevation
H— Max. 50-year Level
Storm surge | f HAT
Tide £ S MSL
7 LaT
K

I

Figure 7: The Basic Estimation for Jacket Level
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Figure 9: The Top
View of
4-Legged Jackets
Offshore Wind
Turbine Structure

Figure 10: The
Lateral View of 4-
Legged Jackets
Offshore Wind
Turbine Structure

3.2. Wind-wave misalignment model

For studying the behavior of the jackets, wind-
wave misalignment models should be applied to have
more accurate data for the analysis. However, in the
range of this report, there are only two directions for
each jacket could be studied, 0° and 45° for the
4-legged jackets, 0 * and 60 ° for the 3-legged jackets
(Figure 11 and Figure 12).

Figure 11: The
direction of the wind,
wave for 4-legged
jacket structures

The wind and wave will be modeled to the same
degree for each orientation then switched to different
directions.

Figure 12: The
direction of the
wind, wave for
3-legged jacket
structures

With  the
directions and scouring, sand wave’s level (from 0 to
5m depth), the total models of the test are 54 cases.

combination from wind, wave’s

3.3. Steel pile foundation

Steel pile foundation, which has a penetration
length of 35m, the diameter of 2.5m with S5cm
thickness, is a primary choice to anchor the jacket
structure and wind turbine with 161.6m total height to
the sea floor.

3.4. Load combination

In the standard for offshore wind turbine structure,
there are more than 30 design load cases. However, a
group of researchers from Singapore and Norway [18]
pointed out the design load case 1.6 and 6.1 in DNV
standard are the most important to analyze in term of
ULS combinations (Figure 13, 14). This study will
only focus on load case DLC 1.6 (ULS).

DLS Description Type

DLC 1.6 Power production in ULS
50-year of sea state

DLC 6.1 Idling in 50-year of ULS
wind and sea state

Figure 13: Design load cases

Functional and Permanent loads

Environmental Loads

Normal | Abnormal Favorable | Unfavorable

1.35 1.1 0.9 1.1

Figure 14: Partial safety factors for loads (yf)

4. RESULT OF ANALYSIS

Resonance issue is also taken into considerations.
Due to the rotor speeds, the unbalanced mass of
blades and also each time one blade passes the tower,
the structure creates a range of working frequency.
Figure 15 points out the possible range of jacket
structure which avoiding the synchronization of the
wind turbine structure’s frequencies (1P-3P) with the
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whole structure’s natural frequencies, typical sea
wave’s frequencies (0.2-0.25 Hz) - [19]. Nowadays,
the concept of “Soft-stiff” designs, which have the 1*
mode natural frequencies located between 0.222Hz to
0.311Hz, are preferred due to the ease of fabrication
also reduce the amount of materials.

0.7 Stiff - Stiff
0.606
0.345
3
g Soft - Stiff -
T T
01 0.115
0

Resonance ranges

Figure 15: The allowable range for structure natural
frequencies supports SMW wind turbine

4.1. Natural frequency

The 1% natural frequencies of all model are
remain stable between 0.279 and 0.282 Hz while the
scour increases from Om to S5m depths. However, there
is a gradual decrease in the 2™ natural frequencies f2
of both structures, and this values of non-scour
4-legged jacket are higher than 3-legged, 1.273 Hz
and 1.532 Hz, respectively. So, the scours does not
affect to the 1* mode but have a significant impact to
the 2™ mode of both jackets.

Moreover, all of the models are fall in the “Soft-
Stiff” ranges, out of the resonance areas (Figure 16).

——1st Mode of 3-Legged Jacket -@-2nd Mode of 3-Legged Jacket

1st Mode of 4-Legged Jacket -#-2nd Mode of 4-Legged Jacket

2.000

1.500

N
W

1.000

0.500

FREQUENCY (HZ)

0.000
NORMAL 1M 2M 3M aMm 5M
SCOUR DEPTH

Figure 16: The natural frequency of jackets under
scouring effect

Within the sand wave effect, Figure 17 shown that
the first-mode of natural frequencies of all model is
quite stable with the values are approximately equal
the scouring models even though the structure
withstands the unbalance between each steel pile in
the foundation. Furthermore, the trends of both jackets
under sand wave effects are nearly the same with the
scouring’s models.

2.000

g
T 1500 = °
9 > 0 . —8
S 9
3 1.000
g
£
0.500
[ L @
0.000
M M 5M

SAND WAVE DEPTH (M)
+2nd mode, Type 1, 4-Legged Jacket ©2nd mode, Type 2, 4-Legged Jacket
©@2nd mode, Type 3, 4-Legged Jacket #2nd mode, Type 1, 3-Legged Jacket
#2nd mode, Type 2, 3-Legged Jacket 2nd mode, Type 3, 3-Legged Jacket
®1st mode, Type 1, 3-Legged Jacket @1st mode, Type 2, 3-Legged Jacket
1st mode, Type 3, 3-Legged Jacket @®1st mode, Type 1, 4-Legged Jacket
@ 1st mode, Type 2, 4-Legged Jacket @1st mode, Type 3, 4-Legged Jacket
Figure 17: The effect of sand wave to the natural

frequency
4.2. Stresses and displacements

4.2.1. Comparing the stresses of jackets under
scouring phenomenon

The maximum Von-Mises stresses of the 3-legged
jacket focus on wind and wave at the same orientation
of 0°. However, the 4-legged models had a maximum
Von-Mises stress at the load case when wind and
wave’s angle at the same 45° toward jacket structure.
Furthermore, the value of Von-Mises stress from
3-legged models rapidly increase when the scour
growth from 3m to 5m depth while the value from 4-
legged models was gradual increase between Om and
Sm scour depth.

By comparing 3-legged with 4-legged jacket
models, Figure 18 pointed out that the maximum Von-
Mises stresses of 3-legged models are higher than the
other types while scouring increase from Om to 3m.
However, these maximum numbers are approximately
equal when both types of structures against 4m to Sm
scouring. Also, the minimum value of Von-Mises
stresses from 3-legged jacket are lower than the
lowest value of the other structures.

500.0

400.0 .ﬁ.:.;Ff“"/.
.—.———0—0—/’/‘

300.0
&
= 200.0 -#-3-Legged Jacket, Wind+Wave (Same direction, 0°)
-®-3-Legged Jacket, Wind (60°) + Wave (0°)
100.0  -@-4-Legged Jacket, Wind+Wave (Same direction, 45°)
4-Legged Jacket, Wind (0°) + Wave (45°)
0.0

1 2 3 4 L 6
SCOUR DEPTH

Figure 18: The Comparison of Maximum and
Minimum Von-Mises Stress between 3-Legged
and 4-Legged Jackets
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Overall, the bearing strength of both types of the
jacket are nearly equal to each other, but the 3-legged
jackets are more sensitive to the wind-wave
misalignment during scour events.

4.2.2 Comparing the displacement of the jacket
under scouring

The result from Figure 19 demonstrates that
3-legged models have a higher deformation in general
compared to the other jackets. Also, the deformation
increased relatively with the scour depths between Om
and 5Sm.

To summarize, the 3-legged jacket has the
maximum deformation and Von-Mises stresses values
at the same load cases, but it is not applied to the
4-legged models. Also, the value of maximum divide
to the minimum deformation of the 3-legged jacket is
higher than other structures, 2.095 compared to 1.789.
Therefore, the 4-legged models are more stable
against the scour events.

0.300
0.250
0.200

0.150

METER

0.100
0.050

0.000
NORMAL 1M M 3M 4M 5M
SCOUR DEPTH
-@-3-Legged Jacket, Wind+Wave (Same direction, 0°)
8-3-Legged Jacket, Wind (0°) + Wave (60°)
4-Legged Jacket, Wind (45°) + Wave (0°)

-#-4-Legged Jacket, Wind (0°) + Wave (45°)

Figure 19: Comparing the Maximum and
Minimum Deformation between 2 Types
of Jacket under Scouring Effect

4.2.3. Effect of sand wave to stresses and
displacements

Figure 20 illustrates the gradual increase of the
deformations and Von-Mises stresses while sand wave
combined with scouring occurred from Om to Sm. In
general, type 3 of the sand wave have the highest
effect on the structure while type 2 is the weakest case
in 3 types.

The maximum deformations and stresses of both
jackets; it can be seen that 3-legged jacket have a
higher deformation as well as the value of Von-Mises
stresses. As a result, the 3-legged jacket seems to be
weaker than 4-legged jacket while sand wave
occurred.

0.300 500.0
st 400.0 T
=
0.200 %
— 3000 @
£ &
= 0.150 -
S b
= 2000 £
£ 0.100 o
g S
(]
& 51050 100.0
0.000 0.0

im 3m 5m
Sand wave depth
B Maximum Von-Mises Stress in 3-Legged Jacket
Wl Maximum Von-Mises Stress in 4-Legged Jacket
Maximum Deformation in 3-Legged Jacket
-@-Maximum Deformation in 4-Legged Jacket

Figure 20: The Maximum of Von-Mises Stresses
and Deformations between 3-Legged and
4-Legged Jackets

5. CONCLUSION AND FUTURE WORK

5.1. Conclusion

In general, after analyzed the behavior of 3-legged
and 4-legged jacket structures, the bullet points below
are the main outcome of the study:

e The study demonstrates the basic of offshore
wind turbine structures, scouring and sand wave
prevention system for the designer to consider during
the concept and basic design;

¢ Within the locations have the top layer of soil is
sand or other non-cohesive soil, the scouring will
occurs with the depths around 2D (D is the diameter
of the pile). Thus, the scouring prevention system or a
specific design for scouring effect are highly
recommended;

e Without the scouring prevention systems, both
types of structure could withstand under the scour of
2m. For the deeper scour hole, there is a need of fully
study with the specific geotechnical investigation as
well as taking into account the economic analysis in
order to choose the suitable solution (by increasing the
geometry of the structure or using the scour
prevention system);

¢ Due to the scouring and sand waves, the natural
period changes very small compared to the significant
increases in the Von-Mises stresses value of the joints
between legs and piles also the joints between main
legs and the tower base;

e The 3-legged jacket demanded fewer materials
by saving 5 - 17% steel material and reduces the
number of joints as well as the structure’s cost of
fabrications, but still have the same bearing strength
with the 4-legged jackets. However, 3-legged jackets
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have a higher deformation in general. So, 4-legged
structure are more stable than the other jacket
structures.

e Both types of jackets is susceptible to the wind-
wave misalignment. Nevertheless, the orientation needs
to be varied to a smaller degree, for example the
combination of wind and wave load cases for every 15°.

5.2. Future work

The investigation of the earthquake, turbulent in
order to comprehend the dynamic behavior of the
jacket under scouring effect.

Fully analyze the ULS and SLS load combinations
with the finer incident angle of wind and wave.

Taking into account the economic analysis for the
chosen scouring prevention system.

Fully design an offshore wind turbine jackets.
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AP DUNG PHUONG PHAP PHAN TU BIEN TRONG PHAN TiCH
TINH TOAN ON PINH HE THANH
USING BOUNDARY ELEMENT METHOD IN FRAME
SYSTEM STABILITY ANALYSIS
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TOM TAT: Phuong phép phén tir bién 1a phuong phap sb xay dung trén co so 101 giai cia cac phwong trinh tich phan bién
tuong tmg. Viéc st dung phwong phap phan tir bién cho phép dua ra cac phwong trinh xac dinh trang thai cta vat thé phu
thudc vao thong s bién hinh hoc, ddc trung co hoc va tai trong tac dung Ién hé. Bai bao trinh bay ly thuyét tinh toan cta
phuong phap phan tir bién dé tinh 6n dinh cho hé thanh phang bién dang dan hoi. Tir 40, thiét 14p trinh tu tinh todn bang
phan mém lap trinh Mathcad cho bai toan phan tich 6n dinh hé thanh phang c6 diéu kién bién bét ky.

TU KHOA: On dinh hé thanh phing, phwong phap phan tir bién, tai trong t6i han.

ABSTRACT: The boundary element method is a numerical method based on the solutions of boundary integral
equations. The use of boundary element method allows establishing the equations of determinination of object state
depending on the geometrical boundary parameters, mechanical characteristics and applied loads. This article
presents the caculation theory of the boundary element method for stability analysis of elastic deformational plane
systems. Thereof, establishing the caculation procedure by Mathcad programming software for stability analysis of

plane systems with different boundary conditions.

KEYWORDS: Stability analysis of plane system, boundary element method, maximum buckling load.

1. PAT VAN DE

Khi thiét ké két cdu cong trinh, néu chi kiém tra
didu kién bén va diéu kién cung thi chua di dé phan
tich mot cach chinh xac kha nang lam viéc clia cong
trinh. Trong nhiéu truong hop, dic biét 1a cdu kién
chiu nén hodc nén cing v&i udn, tuy tai trong chua dat
dén gia tri pha hoai va c6 khi con nhé hon gia tri cho
phép vé diéu kién bén va diéu kién cting nhung ciu
kién van co6 thé mat kha ning bao toan hinh dang ban
dau ¢ trang thai bién dang va chuyén sang dang can
bang khac. Noi lyc trong dang can bang méi s& phat
trién rat nhanh, 1am cho cong trinh bi pha hoai do su
mat 6n dinh [1, 2, 3].

Hon nita, do yéu ciu phét trién cua nén kinh té
nudc ta doi héi xdy dung nhiing cong trinh co kich
thudc céu kién 16n, trong d6 rit nhiéu cong trinh
ngudi ta dung nhiing thanh chiu nén ¢ chidu dai 16n
nén d& xdy ra hi¢n twong mat on dinh. Do d6 doi hoi
phai cé sy nghlen ctru k§ ludng vé tinh toan on dinh
ctia hé két ciu. Trong cac truong hop don gian thi dé
phan tich tinh toan 6n dinh c6 thé dung phuong phap
giai tich dé tim thong sb toi han cho hé két cau [1].
Tuy nhién, v6i cac hé phirc tap va diéu kién bién bt
ky thi phuong phap giai tich s€ gép nhiing khé khan
nhét dinh vé mat toan hoc.

V6i su phét trién ctia cong nghé thong tin va cac
phan mém lap trinh tinh toan cho phép giai quyét cac
bal toan phtc tap bang cach ap dung cac phuong phap
sd. Cac phuong phép s6 phd bién dugc ap dung trong
phan tich tinh toan on dinh hé két ciu co thé ké dén do
1a phuong phap phan tir hitu han [4,5], phuong phép
sai phan hitu han [6] va phuong phap phan tir bién
[7,8,10]. Tuy nhién, st dung phuong phap phan tir
hiru han hodc sai phan hitu han chi cho phép tinh ra
Kkét qua tai cac nat cia vat thé ma khong dua ra dugc
phuong trinh trang thai bén trong vat thé. Do d6 can
phai chia thanh rat nhiéu phan tir trong cic bai toan
xac dinh so dd bién dang cua két cau.

Phuong phap phan tr bién 1a phuong phap sb
dugc xay dung trén co s& 101 gidi ciia phuong trinh
tich phén theo diéu kién bién goi 1a phuong trinh tich
phan bién. Cac phuong trinh tich phan bién dugc xay
dung tir phuong trinh vi phan dao ham riéng ban dau
thanh phuong trinh tich phan twong ing. Viéc st dung
phuong phap phan tir bién cho phép dua ra phuong
trinh xac dinh trang thai cua vét thé phu thudc vao
thong s bién hinh hoc va dic trung co hoc, tai trong
tac dung 1én vét thé. Bai bao trinh bay co so 1y thuyét
cia phuong phap phan tir bién trong phén tich tinh
toan 6n dinh cuia hé thanh phing bién dang dan hoi
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cling nhu cach ap dung phuong phap phan tir bién dé
tim cac thong sb tGi han cho hé. Tir d6 thiét 1ap duoc
quy trinh tinh toan 6n dinh hé thanh phang st dung
phan mém lap trinh Mathcad.

2. CO SO LY THUYET VA CACH AP DUNG

PHUONG PHAP PHAN TU BIEN TRONG
PHAN TiCH TINH TOAN ON PINH HE THANH

2.1. Co s 1y thuyét ciia phwong phap phan tir bién
[7,8,10]

H¢ phuong trinh xac dinh trang thdi (ng suat biég
dang ctuia h¢ thanh bién dang dan héi dugc dua vé

phuong trinh vi phén khong dong nhat véi cac hé sb
khong doi [7]:

a, .y(“)(x) +a,- y(n_l)(X)+...+ a - Y(X) _ q(X) )
Va céc diéu kién ban dau:
W)= H(0)=35 s FO)=" @

Nghiém cua (1) ¢6 thé duoc biéu dién duéi dang
ma tran nhu sau:

yl(x) yz(x)

yix) )

¥, (x)
i (x)

yO G(x’é:)

' G’ 8

y:0 +]‘~ X(x 2 q(&)dé (3)
CIRE I

Hoic c6 thé viét dudi dang ngéan gon:

Y(x)=A(x) - X(0)+B(x), “4)
Trong do,

- Y(x) — Ma tran — c6t cac thong sb vé trang thai
ung suat bién dang cua thanh tai diém x (vécto trang
thai cia thanh tai diém x);

- A(x) — Ma tran vudng nghi¢ém co ban cta phuong
trinh vi phan thuan nhat (1), thé hién thong so trang
thai cua thanh tai toa d0 x;

- X(0) — Ma tran cot chita cac thong sé ban dau
(vécto thong so ban dau);

- B(x) — Ma trn cot cac phan tir tai trong (vécto
tai trong), dugc xay dung tuong tu nhu véc to X va Y,
chura tai trong tac dung Ién cac thanh.

Pé thiét 1ap duoc cac ma tran ctia phuong trinh (4)
can phai roi rac hoa hé thanh theo vi tri cia cac nut.
Kich thudc cua cac ma tran d6 phu thudc vao ) luong
phan tir sau khi roi rac hoa hé va bac ciia phwong trinh
vi phan mo ta trang thai cua thanh.

Viéc thiét 1ap cac ma tran tai gia tri bién sb x
khong mang lai hiéu qua cao, chi can trong qua trinh
tinh toan theo phwong trinh (4) thay thé cac thong sb
ban dau va tai trong cua timg thanh vao. Nhung dé
xac dinh dugc cac thong sb ban dau chua biét can phai
thiét 1ap phuong trinh dang (4) voi cac ma trén tuong
Ung tai cac gia tri bién cua bién s6 x=1 cho ting thanh,
nghia 1a thiét 1ap phuong trinh cta bai toan bién.
Trong trudng hop niy co thé bién ddi cac ma tran
trong phuong trinh (4) theo so d6 sau [7,9]:

YO = AD.xO® L BD
SN AD .0 _yO - _B®D ®)
S AO . x0hH — _B»h

Trong d6, vécto Y, X gdm cac thong sb cua thanh
tai cac diém bién x =/ va x = 0. Vécto B gdm céc
phan tir chiu tai trong cua tit ca cac thanh khi x = /.
Ma trin A gdm céc gia tri bién ciia ham sb truc chuin
khi x =/ va 1a mot ma tran vudng. Thyc chét so do
bién d01 cac ma trén trong (5) la sy di chuyen cac
thong s6 cubi cua véc to Y toi vi tri thong soO cé gia tri
bang 0 cua vécto X. Luc nay vécto Y s& bang 0 va co
thé khong can thé hién. Ma tran A* s& ¢ nhing gia tri
b?mg 0 tai mot sd cot va lac do cac gia tri nay s€ dugc
bu khi di chuyén cac thong sb.

Véc to X* bao gdm céc thong sb bién ban dau va
thong s6 bién cudi chua biét cua tat ca cac thanh trong
hé, diéu nay da dugc trinh bay kha rd trong [7,9] khi
giai quyét cac bai toan bang phuong phap phan tir
bién. Vi vay, viéc giai cac bai toan thuan co hoc ctua
hé tuyén tinh bing cac phuong trinh bién c6 thé dan
t6i viéc giai hé phuong trinh dai s6 véi cac thong sb
dau va cubi chua biét cua cac thanh. Quad trinh chuyén
thong s6 cudi cua vécto Y vao vécto X dua trén co so,
vécto X, Y ciia hé tuyén tinh bat ky tai cic gi tri bién
bién s6 x = [ s& bao gdm 3 nhom thong s bién sau:
Nhém thir nhit — 13 cac thong sd bién co gia tri bang
0, duoc xac dinh bé'mg cac diéu kién cho trude vé lién
két (diéu kién bién ban dau). Nhom tht hai — 13 cac
thong sb phu thude, quan hé gitta chung duoc thé hién
bang phwong trinh cin bang va phuong trinh dong
nhit cta chuyén vi cic nut trong hé tuyén tinh. Nhom
thir ba — 1a cac thong sb bién véc to X, Y khong co
mdi twvong quan 1an nhau. Cac théng sb nay co thé
duogc goi 1a cac thong s6 tu do. Viée chuyén cac thong
sd ctia Y vao X phai dugc bu bang cac phan tir khac 0
ciia ma tran A, néu khong sé khong thoa mén phuong
trinh (4) tai gia tri x = /. Cac thong s6 ty do ciia Y
chuyén dén vi tri cac thong sd c6 gia tri bang khong
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clia vécto X, con cac thong sb phu thude duge chuyén
di twong g véi cac phuong trinh tuong quan. Trudc
khi chuyén cac théng sb can giai phong quan hé gitra
cac phan tir ciia ma trin A vé6i cac thong sb bang 0 cta
vécto X. Thuc hién diéu nay béng cach cho mot sb cot
clia ma trin A bang 0, s6 clia cac cot nay bang sb cua
hang chua cac thong sb c6 gia tri biang 0 cua vécto X.
Tiép tuc trong ma tran A phai bu vao nhiing phan tir
khac khong va sy thiét 1ap theo so dd (5) coi nhu di
duoc thuc hién.

2.2. Phuwong phap phén tir bién trong phan tich
tinh toan 6n dinh hé thanh [7]

Tinh toan 6n dinh cta hé thanh bién dang dan hoi
1a viéc xac dinh tai trong t&i han tac dung trong thanh,
vuot qua gid tri tai trong t6i han d6 hé thanh s&
chuyen tir trang thai can bang nay sang trang thai can
bang khac. Su chuyen trang thai can bang cua hé ndi
chung s€ gdy ra sy mét 6n dinh cho hé va lam cho két
céu bi sup d6 hodc gdy ra cac hu hong nhét dinh. Khi
phan tich tinh toan 6n dinh cta hé thanh bang phuong
phap phan tir bién chap nhan cac gia thiét sau:

+ Vat liéu cta h¢ thanh lam viéc trong gidi han
dan hoi;

+ Céc thanh trong h¢ dugc xem nhu khong co gian;

+ Khoang cach giita cac nut trong hé theo phuong
ban dau sau khi mat 6n dinh khong thay doi;

+ Khong ké t6i bién dang truot.

Phuong trinh vi phan ciia thanh chiu nén - uén
dugc viet dudi dang sau [7]:

q,(x)
EI

Trong d6, EI — @6 cung thanh chiu udn; qy(x) —
ham tai trong; V(x) — ham chuyén vi tai diém x;
2 (x), V' (x) — cac vi phan cua ham chuyén vi tai
diém x. Hé sb n duoc xac dinh bang cong thirc:

n= |2 (7)
EI

V7V (x)+n*V (x) = (6)

Vi P 1a luc doc tac dung trong thanh.

~ Nghiém cua phuong trinh vi phan (7) c6 thé duoc
biéu dién nhu phuong trinh dang ma tran (8) sau [7]:

IV (x) I |x |-Ap | -Au EIV(0) AM(X - 5)
Elp(x) | _ 11 -As | -Aiz | * | Elg(0) +j A5(x=¢) g, (Odé& ()
M (x) Ass | A M (o) 0| —Ay(x=¢)
é(x) Ay | Asg é(o) —A44(x—§)

Trong d6 M(x), é(x) - ndi lyc trong thanh tai
diém x. Cac ham s6 co ban ¢ dang sau:

1—cosnx nx —sinnx
A13:( 2 );A14:( 3 );
n n

sinnx ; A .. = cosnx; A, =—n-sinnx

n

23 =

Trong do, @(x) - Luc cét, vuong goc véi truc ubn
ctia thanh. Néu giai phuong trinh vi phan (7) véi luc cét

Q(x), vudng goc voi tryc thanh ban giﬁu thi trong
phuong trinh (8) s& thay doi cdc ham so6 co ban nhu
phuong trinh dang ma trén (9) [7]. Trong do,

A, =sinnx/n;A,; =(1-cosnx)/n’;
Ay,

A,, =-n-sinnx.

=(nx—sinnx)/n’*;A,, = cosnx

EIV(x) 1 A A | -Ay EIV(0)

Elp(x) Apn | -An | -Ap Elp(0) 9)
M (x) N A | An | Ap M (o)

@(x) 1 0(o)

Phuong trinh dang ma tran (9) cho phép dé dang
ké t6i cac diéu kién bién tinh hoc hon so véi (8).

Dé tinh toan 6n dinh hé thanh bién dang dan hoi
can thiét 1ap phuong trinh tich phan diéu kién bién va
chuyen dichtheo so @b nhu (5). Mt 6n dinh cua hé bt
dau xay ra khi cac thanh trong hé bi uon Trong

truong hop nay gia tri théng sé déu va cudi cua ma
tran X* phai khac 0. Lic nay, diéu kién dé X* khac

khong 1a tir phuong trinh (A"X"=0) phai thoa man
diéu kién sau [7]:
A*(P)|=0 (10)

Phuong trinh (10) dwoc goi 1a phuong trinh 6n dinh
ctia h¢ thanh bién dang dan hdi theo phuong phap phan
tir bién. Nghiém cta phuong trinh 6n dinh ndy xac dinh
duoc phé gia tri clia céc tai trong t6i han.
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2.3. Thiét 1ap trinh tu giai bai toan [11]

Trén co s& phuong phap giai bai toan on dinh hé
thanh dugc trinh bay tai muc 2.2, nhom tac gia da viét
chuong trinh con tinh 6n dinh hé thanh bang phan
mém lap trinh Mathcad, mdt phﬁn mém co giao dién
than thién, kiém soat quy trinh tinh toan va két qua bai
toan mot cach chit ché. So dd khdi duge trinh bay chi
tiét trong [11] véi trinh ty tinh toan nhu sau:

Budc 1: Khai bao cac thong s6 ban dau va roi rac
hoa hé thanh cac phan tir:

Chia hé thanh m phan tir duoc lién két voi nhau
boi cac nit. Panh sd nut phan tir va chi hudng ghép
ndi cac phan tir caa hé.

Budc 2: Thiét 1ap ma tran X (0) va ma trdn Y(x):
X4y dung ma tran vécto cac thong s6 ban dau X(0) va
ma tran thong s6 Y(x) tai diém x (vécto trang thai ctia
thanh tai diém x) cho timg phan tir va sau 6 ghép ndi
cho toan hé. Trong d6 1 thanh ¢ chira 4 thanh phan:
“EIV,;Elp; M ;0 .

Budc 3: Thiét 1ap hé phuong trinh x4c dinh trang
thai cta hé:

H¢ phuong trinh trang thai cua hé dugc 1ap trén co
s& ghép ndi phuong trinh trang thai cta timg phan tir
da duoc roi rac hoa. Thir ty ghép ndi thuc hién theo
hudng da chi ra ¢ budc 1.

Thiét 1ap phuong trinh tinh todn 6n dinh cua hé
nhu (10).

Trong d6, thiét 1ap ma tran 6n dinh A" theo cac
giai doan sau:

- Giai doan 1: Ma tran khong A duoc lap day boi
cac khdi A; ctia cac gia tri bién ciia cac ham co ban
truc giao;

- Giai doan 2: Cac cdt ciia ma trdn A co cac sd
bang cac hang cia ma tran X duoc dit bang 0. Cac
tham s6 ban dau bang 0 cua cac thanh 13 di liéu ban
dau va sd hang cuia ma tran X dugc xac dinh trong qua
trinh hinh thanh ctia n6. Ma tran khong trong cac cot
riéng 1¢ s€ duoc ky hi¢u 1a Ay;

- Giai doan 3: Ma tran bu C phy thugc vao cac quy
tac dich chuyen cac thong sd bién tir cac ma tran Y
sang ma tran X

- Giai doan 4: Ma tran on dinh A’ duoc xac dinh
bang tong cia ma tran Ay va ma trdn C

A=A+ C (11)

Vi du vé quy tdc dich chuyén cdc théng sé bién va
trinh tw thiét lap vec to X "va A

- Dich chuyén cac hang c6 thong s6 bién ty do cua
véc to Y(I) sang vi tri hang co thong so bién bang
khong cia vee to X(0). Trong ma trén A khi dich
chuyén thong s6 ¢ hang “k” cua Y(/) sang hang “i”
cua X(0) can:

+ loai bd gia tri khac khong trong cot “i” cia A(/);

6‘ 2

+ Thém thong s6 bl vao hang “k” va cot clua
A(l) vidu nhu so dd trén hinh 1. Ma tran C bu vao vi
tri c6t 1 hang 4 theo su chuyén dich ctia ma tran X va
ma tran Y.

0 0 0 O EIV(0)=0;0(¢) EIV()=0

0 0 0 O Elp(0)=0; Q(¢) Elp(£)=Elgp(0)

0 0 0 O M(o) M(£)=M(o)

SO ULE R CORE I CON
Gia tri bu 6 ma tran C Ma tran X Ma tran Y

Hinh 1. Vi du vé su thiét 1ap ma tran bu C

Ma tran Ag co dang nhu thé hién trong phuong
trinh dang ma tran (9). Thiét 1ap ma tran A :
0 Al2 'A13 'A14
0 A22
-A
-1 0

A =4,+C=

32 22 12

A, -A
A A
0 0

Khi ghép ndi ma tran A, voi ma tran C luu y rang
do6i v6i nhiing cdt cua ma tran C da c6 gid tri bu thi
cac gia tri khac cia dong d6 bang 0.

Budc 4: Xac dinh thong s6 luc t6i han: Sy mit 6n
dinh cua h¢ thanh xdy ra khi thanh bat dau bi uon.
Trong truong hop nay gia tri cua cac thong sb ban dau
va thong s cubi ciia ma tran X~ khac 0. Bé dap tmg

diéu kién X' tir phuong trinh A"X"=0 thi —0.Ti

do, tim duoc luc téi han tac dung 1én hé.
3. Vi DU TINH TOAN

Tinh 6n dinh cho hé gbi twa cimg va so dd nhu
hinh 2 [11]: Ap dung trinh tu giai bai toan on dinh hé
thanh bang phwong phap phan tir bién da thiét lap ¢
trén, nhom tac gia thyc hién viéc tinh lyc tdi han tac
dung lén hé¢ theo cac budc nhu da trinh bay trong
muc 2.3, biét EI = 3.10° kN.m”, L = 4m.

Budce 1: Roi rac hé thanh 3 phﬁn ttr, danh sb nut
va miii tén chi huéng xac dinh diém dau va cudi mdi
phan tir nhu hinh 3.
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Buoc 2: Thiét lap ma trn thong s6 X'(0) va Tuong ung voi toan bo cot 1, 2, 5, 9 clla ma tran A*
Y(x)Theo so @6 trén ta th:c"ly, hang 1, 2, 5, 9 cia ma  ciing dugc dua vé gia tri khong
tran X*(0) c6 gia tri bang khong dugc loai bo.

10 1 10P 2 3P
i 12F| U;W BE| U;W ol U;W‘
} 2L } 1.5L ¥ L 4L

Hinh 2. Vi du 1 bai toan tinh 6n dinh hé thanh

%0 0P 2P 5P
VO[T 128 1 6 I [ HY
L 2L L 1.5L L L L
Hinh 3. So d6 roi rac hoa cua hé
1 REF* (o) =00 " (lat — — — — — — 1 12EMF* &) =0
=
2 REIS™ ) =0T T T — :— 12 Efp (€)= 2 BT (o)
1
o1 g : :
3 A ] - —— — = 4 = AN = A )
1
Vo Lo
4 o*ie) Pt TR el o &)
! l
1 1
5 | sER ey —0iEre T ER L 4 — — . GEITE(E) = 0
[] 1 !
" LI .o
& EEFPp (0) 4= — — —: e :_ 1 685" (&) = 6 BEIa™ (o)
N = 5 1 :Y :
7 M@ am — Y — s [ —ari g —Ar o)
1y Vo
I
8 o (o) T ok
1 1
1 1
=1 E oy —0:0% (0 <+ — — + 5 ! EM33 ey =0
1
: : ! 1
10 Elp* (o) e — — 4 — — 1 | : L = = = EF@*3(£)
1
I
11 Aoy e — — —|— — — & : AR08 — 0
I
12 (o) b—=rr——— &3

Hinh 4. Cac ma tran thong s6 bién va so d6 dich chuyén cua ma tran Y(I) vao ma tran X(0)
Budc 3: Thiét 1ap hé phuong trinh trang thai cia hé:
Theo su chuyén dich ctia Y(I) sang X(0) nhu hinh 4, ma tran bu C dugc thé hién nhu so d6 c6 dang sau day.
Ma trén A, c6 dang co ban nhu sau:

1 4 5 4] 7 8 S 10 11 12

%)
[P)

e
|
e

O WY ]
—

LA

(=T << S N =
i
S
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Ma train A" duoc thiét 1ap bang viéc tong hop gia
tri cua ma tran Ay va ma tran C. Theo so d6 trén ta
thay, hang 1, 2, 5, 9 cia ma trin X*(0) co gia tri

quoc té Ky niém 55 nam ngay thanh lap Viéen KHCN Xay dung

bang khong duoc loai bo. Tuong tmg v6i toan bo cot
1, 2, 5, 9 cua ma trin A* cling dugc dua vé gia tri
khong. Ma tran A" c6 dang nhu sau:

1 2 3 4 5 6 7 8 9 10 11 12
1 -Ai | —Au
2 -An | —Ap -2
3 Ay Ap -1
4 | -1 1
5 -An | A | “Au
A= 6 —An | —An | -Ax -6
7 Az Ay | Ap -1
8 -1 1
9 -An | A | —Au
10 -1 -An | “An | “An
11 Az | Ax Ap
12 -1 1

Budc 4. Xac dinh lyc téi han tac dung 1€n hé:
Tim lyc t6i han tic dung lén hé bﬁng cach giai
phuong trinh: ‘A*(F )‘ =0 Céac budc tinh toan néu

trén dugc thuc hién nho sy trg gitp cua ph?m mém lap
trinh tinh toan Mathcad va dugc trinh bay chi tiét

phuong phap giai tich tinh theo [1] voi sy trg gitp cua
phan mém tinh toan Mathcad duoc trinh bay trong
[11]. K&t qua tinh toan dugc thé hién trong bang 2.

Bang 2. Gia tri tai trong t6i han tic dung
1én h¢ theo vi du 2

trong [11]. Sau d6 kiém nghiém lai bang phuong phap Phuong Phuong . A
s, £ Y , PO Tai trong i 3 , L. Sai sO
giai tich [11]. Két qua tinh toan dugc thé hién trong Gih phép phan phap giai o
bang 1. to1 han (Py,) tir bién tich A, %
Bang 1. Gia tri ti trong téi han tiac dung P (KN) 367.94 356,4 3,1
1én h¢ theo vidu 1 Pun(kN) 876.53 854.92 2,5
. Phuong phap Phuong Sai sb
Jaitrong | s iibien | phép gidi 4. NHAN XET
toi han (Pth) KN <h A o o .
(kN) tic Ap dung phuong phap phén tir bién trong bai toan
Pth1 (kN) 830,15 867,389 43 phan tich on dinh h¢ thanh bién dang dan hoi cho
Pth2(kN) 1792 1.895 54 phép xac dinh phuong trinh trang thai cua tung phan

a. Tinh 6n dinh cho hé géi tra dan hdi nhu hinh
5[11]:

V6i cac thong sb nhu sau: EI=3-10°kN.m” ,
L=4m. K,=8EI/I, K,=4EI/I’

30 1 10P - 2& 3 P
i
1.

12F| »,Ef Fl ME,,K?D ﬁ;ﬁ
oL ﬂL 5L 4L L I

Hinh 5. Vi du 2 bai toan tinh 6n dinh hé thanh

L
#

Tuong tu, két qua tinh toan ‘11.1’0 téi han tac dung
lén hé theo phuwong phap phan tr bién va theo

tir trong hé va tur do xac dinh dugc !uc to1 han t'fic
dung 1én h¢. Chuong trinh con dugc viét sir dung phan
mém lép trinh Mathcad giup giai quyét cac bai toan
phure tap voi di€u kién bién bat ky mot cach de dang
ma khong gap phai cac kho khan vé mét toan hoc. Keét
qua tinh toan bang phuong phap phan tir bién hoan
toan trung khop voi phuong phap giai tich.
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APPLICATION OF BIM 5D CONSTRUCTION TECHNOLOGY
TO INTERNATIONAL HOTEL PROJECT IN HANOI
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ABSTRACTS: Traditional construction efficiency is relatively low and waste of resources is serious, which causes seriously
effects on sustainable development. Thank to the application of building information modeling (BIM) in construction
phases of construction projects, level of meticulous management in the construction stage is being improved effectively. Not
only is the waste reduced but the construction quality and construction progress is also ensured. It has great practical
meaning for realizing the green sustainable development of the construction industry, which has a certain practical value
and can be widely applied. This paper presents current situation and development of the construction industry, project
management problems, application principle of BIM technology and the modeling flow of BIM 5D and its application to a

project in Hanoi.

KEYWORDS: Building information modeling, construction industry, project, model.

1. INTRODUCTION

The construction industry is an important sector of
the economy and it contributes significantly to socio-
economic development and creates employment
opportunities in the country. The low efficiency and
enormous waste phenomenon are hindering the
construction industry. BIM is one of the most
promising developments in the field of civil
engineering, it is also integrated all the key
information from the initial design to the finishing
stage. This model can be used for planning, design,
construction, and operation of the facility. Projects are
built in a simulated environment to help architects,
engineers, and constructors identify any potential
design, construction, or operational issues.

Hanoi International Hotel is a five-star hotel and it is
complex project. This construction project can be
becoming complicated in nature due to error in
certification and coordination. It needs to calculate
constructability and recognize design conflicts before
construction starts. Over budget, delays, rework, poor
communication, cost overrun, time overrun are typical
problems faced by construction industry. These problems
can be minimising by increasing the building information
exchange effectiveness, and therefore applying BIM
technology is a solution to deal with the problem.

This paper presents the use of BIM technology to
construct Hanoi International Hotel, realizes overall
planning of project, evaluates effects on the
application of BIM.

2. ADOPTED SOFTWARES IN PROJECT

2.1. AutoDesk Revit

Revit software is specifically built for Building
Information Modeling, empowering design and

construction professionals to bring ideas from concept
to construction with a coordinated and consistent
model-based approach. Revit software includes features
for 3D architectural design, MEP and structural
engineering, and construction. Revit supports a
multidiscipline, collaborative design process [4][5].

2.2. Microsoft Project

Microsoft Project is a project management
software. It is designed to assist a project manager in
developing a plan, assigning resources to tasks,
tracking progress, managing the budget, and analyzing
workloads. The application creates critical path
schedules, and critical chain and event chain
methodology third-party add-ons also are available.
Schedules can be resource leveled, and chains are
visualized in a Gantt chart. It enables to import a
schedule from a project into Navisworks.

2.3. Sigma Estimate

Sigma Estimates is the latest generation of
software for construction cost estimation. Sigma is
built to support construction professionals who want
to improve the way they deliver projects. Not only is
it much more than just estimating the cost of a project
but it also establishes transparency and provides a
thorough understanding of how the project is to be
built [7].

It integrates with other programs and formats for a
seamless data transition. This ensures a consistent
workflow, minimizes errors, and increases efficiency.
Sigma it the most powerful and user-friendly software
for 5D BIM.

2.4. Autodesk Navisworks

Autodesk Navisworks is a comprehensive project
review solution that supports 5D simulation,
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coordination, analysis, and communication of design
intent and constructability. It allows integration of
multidisciplinary design data created in different BIM
design applications to a single project model. It also
provides the interference management and clash
detection functions to anticipate and avoid potential
problems in the project which can eventually
minimize delays and reworks [6].

3D

Design

Fig. 1. The simulation from 3D to 5D BIM

BIM is not just 3D, Autodesk Navisworks
supports 4D and 5D simulation and analysis by
combining parametric models with the project

schedule (Microsoft Project) and costs (Sigma
Estimate).
3. IMPLEMENTATION OF BIM ON THE

PROJECT

The objectives of the research will be achieved by
implementing the following steps:

- Finding out the advantages and disadvantages
of project;

- Studying Building Information Modeling and its
framework in order to apply it in the current project;

- Building 3D model from 2D drawing by
Autodesk Revit;

- Preparing schedule in Microsoft project and cost
estimation in Sigma Estimate;

- Navisworks used to confirm the model and the
progress of the construction.

3.1. International Hotel Project

International Hotel located at Nguyen Tri Phuong
Street within walking distance to the heart of Hanoi
and close to main tourist attractions, entertainment
and shopping areas. 5-star International Hotel, is the
harmonious combination between cultural traditions
and modern amenities. This project has complicated
structure and mode, large horizontal scale, narrow
construction yard. In the former experience-dominated

construction method, the construction course is
uncontrollable, and construction result is indefinite,
prone to causing hard-to-estimated losses, so this
method cannot meet actual demand any longer.

Applying BIM technology to conduct virtual
construction for building construction course before
construction can decrease accidents and improve
engineering quality. Meanwhile, this can facilitate
construction units' coordinating construction sequence
of different specialties, organizing in advance
professional squad to enter the site for construction,
preparing equipment, site and turnover materials, etc.
to actualize informatized, visualized and integrated
management over construction yard, course and
complicated construction procedure, achieve dynamic
control over labor service, physical resources and cost
in construction course. This suggested application of
BIM technology to serve the project's construction in
early planning period of project, and it is required to
constantly explore BIM related techniques in practice
to solve difficulties in actual project.

3.2. Building 3D model

The 3D model of the project was built from 2D
drawing in construction drawing design by Autodesk
Revit software. It includes the architectural (Fig. 2),
structural (Fig. 3) and MEP components (Fig. 4), they
are modeled by Revit Architect, Structure and MEP,
respectively.

Fig. 3. 3D structural model of typical floor
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— . S—
Fig. 4. 3D MEP model of typical floor

3.3. Building 4D model

4D model is created by adding scheduling data to
different components, generating accurate programme
information and enabling step-by-step visuals of your
project’s development. This model involves time-
related information being associated to different
components of an information model (Fig. 6). For a
specific element or work area, that could include
details on its lead-time, construction and installation
period, curing and drying allowances, sequencing or
its interdependencies with other areas.

- — {0
e NC8Y)
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Now)
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Fig. 5. Schedule Progress in Microsoft Project

Fig. 6. Schedule Progress is imported to Naviswork

3.4. Building 5D model

The Sigma Estimates software also works directly
with Autodesk® Revit® using a Live Link for 3D-5D
modelling. Linking in cost data in order to support
cost planning and generate estimates is known as 5D
BIM (Fig. 7).

Fig. 7. Estimating construction costs
in Sigma Estimates

Official Letter No. 1776/BXD-VP is not available
in Sigma Estimates. In order to sucessful apply this
software on projects in Vietnam, we need to creat
specialised library which is according to TCVN. In
this project, we had created a library based on Official
Letter No. 1776/BXD-VP to estimate costs.

The 3D model from Autodesk Revit, the schedule
from Microsoft Project and the cost from Sigma
Estimates software is imported to Nevisworks for
simulation and better visualization purpose.

Tt S 20000 BV CRZAy T

L

Ty

Fig. 8. 5D construction information map at the main
construction stage

3.5. Review and collision detection of drawing

BIM 5D can check collision of plumbing, fire
fighting system and structure. Thanks to the collision
check, the drawings can be found in advance and the
construction may appear unreasonable place, Change
the design drawings or construction program, which
avoid change and rework, reducing construction costs
and saving time.

oot

A Kiém tra ung 06t 1

Fig. 9. Modern clash detection

Underground part of this project is relatively large
single layer area, and the structure is more complex.
By dint of the help of BIM 5D, the BIM model is used
to classify the flow section and visualize the cross-
flow operation of each flow section, so that the work
interface can be divided more clearly and the collision
between each operation can be arranged reasonably.

Setectne
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[ % New roup . N \ e =] ione
n
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Fig. 10. The result of clash detective
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Fig. 11 shows part of collision points of Building.
The designers made adjustment and optimization
according to collision found, to prevent reworking and
waste due to pipeline collision.

Fig. 11. The collision between an air-supply line
and a pipe sprinkler

4. CONSCLUTION

The paper shows some achievements made by
applying BIM technology to construction practice:

Building construction optimization information
model, linking 3D model with construction schedule
and cost.

The 5D Model is integrated with all useful
information including 3D model, schedule and cost
which are prepared in MSP and Sigma Estimate. It is
easy and convenient to obtained information from the
single integrated model by using Navisworks and
inputting the schedule and cost into the model. The
5D BIM able to enable the users generate cash flow
forecast monthly, weekly, daily or even hourly in the

simulation, which is very difficult to achieve in the
traditional approach.

Compared with orginal plan, Applying BIM-based
virtual construction technique in the project saved
more than a month for total project duration, reduced
handling of materials, reduced construction cost
significantly and saved expenditure and construction
period, thereby having practical meaning for directing
actual construction.
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ABSTRACTS: A 3D simulation of crack growth in composite material using Discrete Element Method (DEM) is present in
this paper. The geometrical modeling and mechanical modeling (calibration of microscopic parameters and failure
criteria) are addressed. The interface debonding between fiber/matrix is studied by a cohesive contact laws. A bi-disperse
medium in DEM are introduced to reduce the number of discrete element and better describe the interface behavior.
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1. INTRODUCTION

A composite material is made by combining two
or more materials, to create a superior and unique
material. These component materials consist of fiber
(carbon, glass...) and matrix (polymer, metal...).
Using the numerical method to model composite
material is important. It allows calculating the bearing
capacity, prediction of the appearance and propagation
of the crack.

In the crack growth problem, the tendency of crack
depends on the loading, the physical and mechanical
property of composite compound, the cohesion
between fiber/matrix. This procedure normally occurs
in ply, earlier with the transverse cracks when the
composite subjected a transverse tension (Fig.1). Based
on varied failure criterion, this problem has been
widely studied in FEM [1-3]. However, many of these
criteria do not have a rigorous physical basis that can
be related to the microstructure of composite materials.
Some another difficulties of continuum method like the
re-meshing process during the crack propagation, the
multi-crack problem, or representing the discontinuity
at interface of composite, finally they influence on the
calculation time. In order to minimize these
disadvantages in continuum method, the Discrete
Element Method (DEM) will be an effective new way
to model composite materials. The DEM allows
modeling the appearance of the crack and modeling the
crack propagation.

These research works in DEM have studied well
the cracks growth of the composite material.
However, they still remain in 2D, which cannot
estimate a general case on the crack in composite.
And more, they studied in the mono-disperse media,
which influence on the compute time and the discrete
element number.

In Vietnam, the study of composite materials has
been conducted by many research groups. Modeling
the crack propagation in composite material is
research content [4,5]. These studies used the
continuous method to model the behavior of
composite materials. Application of discrete element
method to model the behavior of composite materials
has not yet done in these researches.

The objective of this paper is to study of the
appearance and propagation of the crack in composite
material (fiber/matrix debonding, cracks of matrix)
using 3D DEM. In DEM, the fiber and matrix
materials are discretized by a great number of discrete
elements interacting with each other. The cohesive
beams are introduced to connect these elements.
Matrix and fiber are supposed to be brittle materials
and follow a linear fracture model. This study will
present the CCM model used in 3D DEM for
modeling the debonding between fiber and matrix.

Fig. 1. Fiber-matrix debonding, cracks of matrix [2]

2. DISCRETE ELEMENT MODELING

The DEM originally developed by Cundall and
Strack [6] for modeling the behaviour of granular
materials [7-10]. Further research has adapted this
method to study the fracture of brittle materials [10-12],
and composite [13-14]. In DEM, the materials are
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discretized by a great number of DEs interacting with
each other (Fig.2(a)). The DEs, which are of spherical
(3D) [6, 15], circular (2D) [16-17], or polyhedral
shapes [18-19], interact with each other by contact,
spring and dampers links [13, 20], or by cohesive
beams [21, 22]. The contact laws can be either regular
[18] or non-regular [23]. The microscopies parameters
of spring, dampers links and cohesive beams are
calibrated to attain the suitable behavior at an
observable scale.

Thi study uses the Granular Object Oriented
workbench (GranOO) software [24]. In GranOO, the
position and velocity vectors of discrete element are
estimated basing on Verlet velocities [25] and explicit
dynamics integration scheme, as [26]:

ﬁ(t+dt)=§(t)+5(t)dt+i2t)dt2 (1)

E(t+dt)=5(t)+[3%(5(t)+5(t+dt)) Q)

Where:

* t is the current time and dt is the integration
time step;

« (1), p(t), p(t) denote respectively the discrete
element linear position, velocity and acceleration vectors;
* B is the numerical damping factor.

Knowing the DE position and velocity, the
interacting forces and couples are calculated. Next, the
dynamical equilibrium applied on each DE leads to
the DE acceleration. The new velocity and position
are then obtained by integrations and so on.

DE used in GranOO are mainly of spherical shape,
however, there are no restrictions on the use of more
complex shapes if needed by the study. For instance,
for thermal conduction, polyhedral particules can be
used. The spheres’ radiuses vary according to a uniform
distribution to optimize the filling process of the
continuum medium avoiding a special arrangement of
DE. Otherwise, regular contact laws and cohesive
beams are used in GranOO in 3D model [26]. Fig.2(a)
shows two discrete elements bonded by a cohesive
beam. The beam is chose to be cylindrical as it’s
dimensional description requires only two independent
parameters: the length L, and the radius R,,.. The elastic
behavior of the cohesive beam bond is defined by four
parameters: two geometrical ones (L,, R,) and two
mechanical ones (the Young’s modulus E, and the
Poisson’s ratio v,). Symbol p denote the microscopic
variables [26].

Fig.2(b),(c) shows the cohesive beam in a loading
state induced by the discrete element movement
relatively to the initial configuration. The cohesive

beam is symbolized by its median line. Both cohesive
bond ends are fixed to the discrete element centers O,
and O,. The discrete element frames F, (O,X,Y,Z;)
and F; (0,,X,,Y,,Z,) are oriented such that X; and X,
are normal to the beam cross section ends.

a)

Fig. 2. Illustration of the cohesive beam bond in
GranOO [26]

3. GEOMETRICAL MODELING

In a continuous media, the elastic behavior depends
on the Young's modulus and Poisson's ratio, whereas,
in discrete media, this behavior depends on
microscopic parameters. These microscopic parameters
are determined by the calibration procedure.

138



Hoi nghi khoa hoc quéc té Ky niém 55 nam ngay thanh lgp Vién KHCN Xay dung

The volume geometry and the density of DE allow
to calculation the inertial of system, whereas the bond
between DE allows computing the mechanical
behavior of system.

This simulation in DEM based on a traverse
traction test of mono-fiber embedded in a resin block
[27]. The interface debonding between fiber/matrix
and cracks growth in composite materials are
considered. In order to better describe the interface
behavior fiber/matrix and reduce the discrete element
number, a bi-disperse media are introduced in this
study. The size of Discrete Elements (DE) is larger for
the fiber than for the matrix. Fig.3 presents an
example of Statistical Elementary Volume (SEV)
made of single fiber embedded in the matrix in DEM.

The composite specimen is created by a filling
process. This process allows for the building of a
compacted discrete domain that represents a continuous
homogeneous isotropic domain. It is challenged by the
following objectives [26]: i) to reach a rate of
compaction for accurate/correct modeling of the
continuums, ii) to ensure the medium isotropy.

The common filling procedure is performed in two
distinct steps: i) a random free filling, and ii) a forced
filling [26]. Fig.3 illustrates the two steps filling
procedure for composite specimen with respective
fibre volume fraction of V¢=0.1.

(@) (b) (©)

Fig. 3: Filling procedure for mono-fiber composite,
V¢=0.1 (a) pre-filling stage, (b) intermediate stage
and (c) final compacted domain.

4. MECHANICAL MODELING

In this discrete domain, the DEs of fiber are
connected by a series of the spring links, while the
cohesive beams are used between the DE of the matrix
(Fig. 4). This beam is cylindrical. It is defined by two
geometry parameters: the length L, and the radius R,
and three mechanical parameters: Young's modulus
microscopic E,,, Poisson's ratio microscopic v, for elastic
behavior and the failure stress microscopic for fracture
behavior 6. In these parameters, the beam length L, is
known, the other are unknown. These parameters can be
determined by the calibration procedure.

The modeling of fiber break is based on the
criterion of maximum strain. At the interface

fiber/matrix, the Cohesive Contact Model (CCM) is
used. In this model, the contact force and the

displacement relative between 2 particles follow a
Piecewise linear law for modeling normal contact.

cohesive beam Qﬁ DE matrix
N . N
of matrix P‘WX‘\) “
v{‘ A\ T
A ,v‘\y,’g spring link

‘}

cohesive contact of fiber

DE fiber

Fig. 4. The configuration of the cohesive beams and
cohesive contact between the DE

4.1. Interface decohesion - Cohesive Contact

Models (CCM)

The decohesion between fiber and matrix is
modelled using Cohesive contact laws (Fig.5.)
Piecewise linear laws are retained for modeling
normal contact. This contact softening model is quite
similar to the cohesive contact model (CCM) used in
the continuum mechanics [28, 29].

Fn A

c
Fn _________

Fig. 5. Constitutive of cohesive contact law
in normal contact.

4.2. Failure criteria for the matrix

The matrix is modelled as an homogeneous and
isotropic brittle material. The DE that constitute the
matrix are connected by cohesive beams. The failure
criterion of matrix bases on the maximum normal
stress in a beam. The failure occurs when this
maximum normal stress, oy, is exceeded. Fig.6 shows
an illustration of this failure criterion. A crack can
propagate following the path given by the successive
breaks of the beams (or bonds).

Fig.6. [llustration of breaking bond criterion in matrix
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5. SIMULATION OF TRANSVERSE TRACTION
ON A MONO-FIBER COMPOSITE SPECIMEN

5.1. Specimen creation

The specimen creation is illustrated through cubic
geometry and loading as in Fig.7(a). In this test, we
use the fiber volume fraction as V¢=0.1. The fiber DE
are firstly positioned in the middle of the specimen,
The DE overlapping is 90%. Then using two steps
filling procedure for composite specimen as shown in
Fig. 3 will make the cubic resin block to be filled.

epoxy

28 um
(a) > (b)

Fig. 7. Layout of mono-fiber specimen in (a)
continuous media (b) discrete media.

28 um
=]

The mechanical properties of the components are
presented in Tab.1.

Table 1: Material properties of the specimen

Fiber Young’s modulus (glass) 86.9 GPa
Fiber Poisson’s ratio 0.23
Fiber radius 5 um
Matrix Young’s modulus (epoxy) 3.9 GPa
Matrix Poisson’s ratio 0.37
Matrix yield stress 50 MPa
Interface tensile strength 25 MPa
Interface shear strength 25 MPa
Interface elastic stiffness 10® N/mm
irﬁizztzcleaggcmn;rgeeﬁirgy release rate 0.5 N/mm

5.2. Calibration of microscopic parameters

After having the geometric modeling and
mechanical modeling, the numerical test can be used
to analyse the interface debonding and the crack
propagation. Fig.7 shows the transverse traction of
single-fiber composite specimen which based on the
work of Alfaro et al. [27]. The specimen used is a
cube. The glass fiber and epoxy matrix are used.

The bond length L,, which demonstrates the
distance between two DE centers, is automatically
constrained by the filling procedure. Instead of using
the beam radius R,, the dimensional beam radius
r, = Rpg/R,, preferred, where Rpg is the mean radius of
all the spherical DE. These parameters (r,, E,, v,, c,)
have to be determined by a calibration procedure.

The study of André et al. [26] showed that: i) the
microscopic  parameter v,, does not affect the
macroscopic parameters Ey and vy ii) vy depends
only on r, iii) Ey depends on the microscopic
parameters r, and E,.

According to [30], the method of non-linear least
squares is used to find out the best fitting function.
The relationship between vy and r, could be well
described by approximate function:

vm =1 (1) =2, + by, +c,1, +dpx (3)

Similarly, Ey depends on E, and r, and it is
described by approximate function:

Ey =1, (Eu’ru) = Elu.(a2 +byr, +cl.r5 +d1.r3) 4)

The coefficients a;, by, ¢;, d; and a,, b,, ¢,, d, also
depend on the coordination number cn (the average
number of interaction per discrete element, in this
study cn = 6.2). The functions express relations of
those is that:

coer; =g (cn) = A+ By.tanh[ C,.(cn = 7)+ D, ] (5)
coep, =g,(cn) = A,+B,.tanh[ C,.(en —7) + D, | (6)

In the equation 5 and 6, coey and coep, represent
for (a;, by, ¢1, di) and (a,, by, ¢, dy) respectively.

Base on the data cloud of sample [30], the fitted
curves and the equations also found in each coefficient.

Thanks to the values of coefficients and values of
macroscopic parameters of materials, values of E,, and
r, are computed (equation 7):

2 3_
a; +byr, +opr +dig =vy -

2 3\ _
Eu.(a2 +b,y1, ey +dyay ) =Ey

The microscopic parameters
calibration are listed in Tab.2.

issued from

Table 2: Calibration of microscopic parameter of
epoxy matrix

. E oM | f Ou
Matrix epoxy (GPa) v (MPa) | " | (MPa)
Contimuum |39 | g37| 50 | - | -
propertiesy
Discrete 1 459 1037 - |0.19| 5700
properties,

The spring links are introduced to connect the DE
of a glass fiber as presented in Fig.8.(b). The stiffness
k, of a spring »n can be in relation to the stiffness K of
the fiber.

A uniform displacement u is imposed at the right
and left of specimen to conduct the numerical test
(Fig.7(a)). The interface strength o, between fiber
and matrix is fixed to the value of 25 MPa.
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2R¢

fiber

(b)

Fig.8. Fiber modeling: continuous medium (a) and the
spring link connected the DE of fiber in DEM (b).

The crack shown in Fig.9 using the failure criteria
BBF is represented by the purple DE for which the
cohesive beams have been broken. The crack
appeared in the middle of specimen is perpendicular
to the direction of imposed uniform displacement u
(transverse to the fibers). The crack totally passes
through the specimen for € = 0.018.

The traversal cracking highly depends on the ratio
between the matrix strength oy and the fiber/matrix
interface strength o;. The influence of this strength
ratio on the failure process is studied par two strength
ratios oy/o; = 2 and oy/o; = 0.5.

The results for both ratios are consistent with what
obtained in the Finite Element Modeling (FEM) [27]
(Fig. 10(c),(e)). For om/o; = 2, cracks develop in the
middle cross-section, firstly in the matrix and then at
the fiber/matrix interface bypassing the fiber. In
contrast, for oy/o; = 0.5 the crack mainly develops in
the matrix and the fracture occurs close to the edge.

Concerning the macroscopic force-displacement
curves, a similar linear part is obtained (Fig.10(a)).
However, DEM used a more brittle behavior than
FEM. The reason is the same explained in the single-
fiber composite case. This result is explained by the
different matrix failure criterion used in each
simulation methods.

Fig. 9. Path of the crack, € = 0.018,
using the failure criteria BBF
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Fig.10. (a) Macroscopic force-displacement curves
using the two methods DEM and FEM [27]
for oy/o; = 2 and oy/o; = 0.5, Crack path for
(b) om/o1 = 2; (c) FEM, (d) for /oy =0.5; (e) FEM

6. CONCLUSIONS AND PROSPECTS

Both geometrical modeling and mechanical
modeling (i.e. calibration of microscopic parameters
and failure criteria) have been presented. The
relationship between the material’s stress and strain is
established through the efforts in the cohesive beam.
The Discrete Element Method has good potential for
application in research since it addresses in an
effective manner the difficulties encountered when the
Finite Element Method is wused. Besides the
advantages described in the introduction, the Discrete
Element Method also has its own disadvantages, one
of which is the required determination of constitutive
parameters before their modelization process begins.
Moreover, it is more difficult to create material model
by using the Discrete Element Method than by
applying the Finite Element Method.

The cracks growth modeling techniques in
composite material are presented in this paper. For
transverse traction simulations on a single-fiber
composite specimen, the debonding between fiber and
matrix and the matrix cracking can be tracked thanks
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to the implemented cohesive contact laws and the
BBF failure criteria for matrix already experimented
in [28]. By altering different ratios between the matrix
strength and the interface strength and the fiber
volume fraction (for SEV), the obtained results are
quite good compared with the Finite Element Method
[27] both on the macroscopic responses (force-
displacement curves) and the damage mechanisms
occurring at microscopic scale.

LOI CAM ON

Nghién ctru nay duoc tai tro béi Quy phat trién
Khoa hoc va Cong nghé Qudc gia cho dé tai “Mb hinh
hoéa sy phan tach 16p, su xuét hién va phat trién cua vét
nut trong vat li€u composite st dung mo hinh 3D trong
phuong phap phan tir roi rac”; Ma s6 107.02-2017.13.
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PANH GIA CUONG PO BE TONG THEO TIEU CHUAN VIET NAM
VA MOT SO TIEU CHUAN NUGC NGOAI
CONCRETE STRENGTH EVALUATION FOLLOWING VIETNAMESE
STANDARDS AND SOME INTERNATIONAL CODES

Nguyén Pai Minh
Vietnam Institute for Building Science and Technology, Email: dmnguyen2001@gmail.com

TOM TAT: Péanh gia cuong d bé tong rat quan trong trong quan ly chat lugng céc cong trinh xdy dung. O nudc ta, két
céu dugc thiét ké khong nhiing theo ti€u chuan Viét Nam ma con cho phép thye hién theo cdc tiéu chuan nuéc ngoai. Vi
thé cudng do bé tong c6 nhidu khai niém, tham sé khac nhau, nhu: méc bé tong, cap do bén, cudng do chiu nén dic trung
f.., cuong do chiu nén quy dinh £, v.v. V& nguyén tic, khi thlét ké két cdu dua theo khai niém, tham sé nao (vi du: mac
bé tong M hay ;) thi khi danh gia cuong do s€ can cur vao tham s6 d6. Bai bao nay lam rd viéc danh gia cuong do bé tong
theo tiéu chuan Viét Nam va mot s tiéu chuan nudc ngoai nhu thé nao, su khac nhau gitra thiét ké cap phdi dé cung cip
bé tong va danh gia cudng do bé tong sau khi du 28 ngay tudi ra sao? Tét ca voi muc dich dé nguoi ki su ¢6 thé danh gia
dung vé cudng do bé tong dam bao chét luong theo quy dinh cua thiét ké.

ABSTRACTS: Concrete strength evaluation is crucial in quality management of construction works. In Vietnam, buildings
are allowed to be designed following not only Vietnamese standards but also some international standards such as BS,
ACI, or Eurocode. As a result, there are sereval methods to define concrete strenth (according to different codes) such as:
conrete Mark (M), strength level (B), characteristic compressive strength f., specified compressive strength f., etc.
Basically, if a concrete structure is designed following one method (e.g. concrete Mark (M), or f'.), then the concrete
strength evaluation shall also be based on that method. This paper explains how concrete strength is evaluated following
Vietnamese standards as well as some other international standards, the difference between mixture design for concrete
casting and the evaluation of concrete strength after 28 days. The aim of this paper is to help engineers to properly
evaluate the concrete strength satisfying the requirements of the designer.

(do Tu van thuc hién hay yéu cau thuc hién). Hién
nay, viéc két cdu BTCT ¢ nuéc ta duge thiét ké theo
TCVN 5574:2012 [2] (can cu vao cap do bén bé tong)
nhung cdp phdi va cung cip bé tong phan 16n thong
qua mac bé tong. Do d6, viéc danh gia cuong do
bé tong van thudng duge hiéu la thong qua mac bé
tong chua dwa vao cdp d6 bén, dan dén su khong
khuyén khich d6i méi cong nghé bé tong, giam gia
thanh xay dung. Trong trudng hop két cau duogc thiét
Kké theo tiéu chuan nudc ngoai, thiét ké cép phdi va
cung cip bé tong c6 thé van théng qua mac bé tong
sau khi di quy dbi tuong duong tr cc tiéu chuin
nude ngoai sang tiéu chuan Viét Nam. Vi viy, bai bao
nay lam rd viéc danh gia cuong do bé tong theo ti€u
chuén Viét Nam va cac tiéu chuan nuoc ngoai nhu the
nao, sy khac nhau giita thiét ké cdp phdi dé cung cap
bé tong va danh gia cuong d¢ bé tong sau khi bé tong
du 28 ngay tudi ra sao? Bai bao co thé sé 1a tai lidu
tham khao d6i voi cac k¥ su thuc hién cac cong viéc
lién quan dén chit lugng va danh gia cudong do bé
tong & nudc ta hién nay.

2. DANH GIA CUONG PQ BE TONG THEO ACI 318
Tiéu chudn My ACI 318-08 [5] str dung khéi niém

1. GIOI THIEU

Cuong do bé tong 1a dic trung quan trong cin
quan tim khi danh gia kha nang chiu lyc ctia két cdu
bé tong cbt thép (BTCT). Xac dinh cudng do cua
bé tong 12 mot trong nhitng giai doan kiém tra, nghiém
thu chét luong cta két cau da thi cong xong. Tuy
nhién, cudng do bé tong co nhidu khai niém khac
nhau nhu: mac bé tdng (TCVN 5574:1991 [1], bé tong
M300), cip do bén bé tong (TCVN 5574:2012 [2],
bé tong B25), cuong do chiu nén dic trung f., (BS
8110 [3], fou = 30 MPa), bé tong cip C30/37 (theo
Eurocode 2 [4]), cuong d6 chiu nén quy dinh /7 (vi
du: theo tiéu chuin My ACI 318 [5] , f°c = 25 MPa)
v.v... Két cdu dugc thiét ké theo tiéu chun nao thi
dénh gia cuong do bé tong s& can cir theo tiéu chuan
d6 hoic theo chi din k¥ thuat kém theo hd so thiét ké
dugc cung cdp. Khi thiét ké két cau bé tong dwa vao
mac bé tong thi danh gia cuong do bé tong s€ can cuor
vao mac bé tong, khi thiét ké dya trén tham sd feu (theo
BS 8110 [3]) thi d4nh gia s& can c vao f,,, khi thiét
ké can cir vao /. thi danh gia cuong do ciing cin cir
vao f..

Ngoai ra, ciing cAn phan biét giita thiét ké cap

pbéi dé cung cap bé tong (ctia nha thiu hay nha cung
cap) va danh gia cuong do bé tong sau khi thi cong

cuong d¢ chiu nén quy dinh mau tru fe, vi€c tinh toan
kha nang chiu luc cua két cau/cau kién dya trén tri so
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f’e nay. Vi vay, khi danh gia cuong d¢ bé tong phai
dua trén f°.. Quan ly chat luong theo tidu chuan My
yéu cau tudn theo mot quy trinh rat chit ch& (xem
chuong 5 cua tiéu chudn da dan). Trong d6, danh gia
cuong d6 bé tong 1a mit xich quan trong cta quy
trinh nay.

Theo ACI 318 [5] thi bé tong phai duoc thiét ké
cip phdi dua trén gia tri cwong d6 chiu nén trung binh
/. (gibng nhu mac bé téng cua Viét Nam nhung dua
trén mau tru 150 x 300 mm). Quan hé gifta /7., va 1",
dugc xac dinh nhu trong Bang 1.

Y nghia vat Iy cua phuong trinh (1) 1a x4c xudt
dam bao 99% cac gia tri trung binh cuong dj cia mot
t6 mau (gébm 3 mau thir lién tiép) trong tit ca cac to
mau 16n hon hodc bing /°.. Nhu vy trong mét to 3
mau c6 thé ¢6 1 hodc 2 miu co cuong d thap hon 17,

nhung chi c6 1% gia tri trung binh cuong d§ trung
binh cua cac t6 mau (gom 3 méu thir lién tiép) thép
hon f.. V& mit toan hoc, phuong trinh (1) c6 the
trong duong voi xac xudt 91% trong tit ca cac mau
thir ¢6 cudng do 16n hon hodc bing f°, (xem ACI
214R-02 [6], Minh va Hiép [7]).

Y nghia vat ly cua phuong trinh (2) la xac Xuét
dam bao 99% tat ca cac mau thir phal c6 cuong do lon
hon 1, — 3.5 MPa khi f°, < 35 MPa. Y nghia vit Iy cua
phuong trinh (3) 1a it nhat 99% cac mau thir phai co
cuong d6 16n hon hodc bang 0.9 f°, khi f°, > 35 MPa.

Trong truong hop day chuyen san xuét khong c6
cac s6 lidu cac mau thir dé co thé tinh toan dugc do
léch chuén s,, ACI 318 [5] cho phép xéc dinh f”,, theo
Béang 2.

Bang 1: Yéu ciu vé cwong dd chiu nén trung binh trong truwdng hop cé di sb liéu
dé thiét 1ap do 1éch chuin ciia cic miu s, (ngudn: Bang 5.3.2.1, ACI 318, trang 67)

Cuong d6 chiu nén quy dinh, MPa

Yéu cau vé cuong do chiu nén trung binh, MPa

Str dung gia tri 1on hon tinh todn tir phuong trinh

(1) va(2)

fe<35 L=t 1345, (D)
fo=fc+233s5,-3.5 2)
Str dung gia tri 1on hon tinh todn tir phuong trinh
(Dva@3)
fe>35 Fu=fot 1345 (1)
fea=09f.+233s 3)

Bang 2: Yéu ciu vé cwong dd chiu nén trung binh trong trwdong hop khong
¢6 so0 liéu deé thiét 1ap do 1éch chuan s, (nguon: Bang 5.3.2.2, ACI 318, trang 68)

Cuong do6 chiu nén quy dinh, MPa

Yé&u cau ve cuong do chiu nén trung binh, MPa

f.<21
21<f.<35
f.>35

fycr :f’c +7.0
fycr :f’c +8.3
£o=1101.+5.0

Tuy nhién, khi danh gia va chip nhan cuong do bé
tong theo ACI 318 [5] phai tuan theo 2 tiéu chi
sau day:

(a) Gia tri trung binh cua mot t6 mau' cua tit ca
cac t0 mau gdom 3 mAu lién tiép phai 16n hon hoic
bang S’c (¥ nghia vat ly cua phuong trinh (1) véi xdc
xuat 99% gia tri trung binh t6 mau phai dam bao yéu
ciu vé cudng do);

(b) Khéng c6 mdt mau thir ndo c6 cuong do thap
hon /7, - 3.5 MPa khi f°. < 35 MPa hoac khong bé hon
0.9 f°. khi f°. > 35 MPa (y nghia vat ly cia phuong
trinh (2) va (3) v6i xac xuit 99% cac mau thir phai 16n
hon hoic bang f°, — 3.5 MPa néu f’. < 35 MPa hoic
0.9 f>.néu f°. > 35 MPa).

Chu thich: 1 1a gia tri trung binh cua cudong do cia
3 m§1~u thtr (mau try kich thuéc 150 x 300 mm) trong 1
to mau.

3. PANH GIA CUONG PQ THEO BS 8110:1997

Tiéu chuin Anh BS 8110:1997 [3] dwa ra khai
niém cuong dg dac trung f.,. Day chinh la gia tri cuong
d6 mau 1ap phuong canh 150 mm (cha thich: quan hé
giita cuong d6 mau try va cudng do mau 1ap phuong
nhu sau /. = (70 — 90%) f.. [8], 28 ngay tu01 Vol cac
mau thir khong dam bao thap hon 5% tong s6 cac mau
thtr (hay hon 95% cac mau thir dam bao). Khai ni€ém
cuong do dic trung f;, co thé twong dwong véi cip do
bén chiu nén B ciia TCVN 5574:2012 [2] (cing c6 xé4c
xudt dam bao vé cudng do 16n hon 95%).
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Khi thiét ké cAp phdi dé cung cip bé tong, cac tai
liéu cia Anh cling dua ra khai niém cuong d¢ trung
binh (mean strength), c6 thé twong dwong véi mac
bé tong cua ta [8]. Quan hé ng suat — bién dang cua
bé tong thuong chiu tai trong tic dung ngén han theo
BS 8110 [3] cho trong Hinh 1.

0.67 feu
Tm

Stress

I
I
I
|

1
24x% 104[ fou Strain
Ym

be strength and the bending strength in a flexural member. It is simply

0.0035

rt term design stress-strain curve for normal-weight concrete

Hinh 1: Quan hé - ing suét bién
(ngudn Hinh 2.1, BS 8110:1997)

(Chii thich: hé sb 0.67 1a hé s6 chuyén doi tur
cuong d6 mau lap phuong 1én cuong do trén cau kién
chiu u6n, hé sb an toan riéng v, = 1.5).

Tuy nhién, viéc danh gid cuong do bé tong phai
can cu vao cuong do dic trung f;, cuia bé tong va dya
theo BS 5328-4: 1990 [9]. Tiéu chuan nay quy dinh,
bé tong xem nhu dat yéu cdu vé& cuong do néu ca 2
ti€u chi sau day thoa man (Bang 3):

Ti€éu chi 1: Cuong d06 trung binh (the mean
strength) xac dinh tir 2, 3 hodc 4 cac mau thir lién tiép
lién nhau phai 16n hon f, + A (voi f,, > 20 MPa,
A=1,2va3 MPa, voi f,, <20 MPa, A =0, 1
va 2 MPa).

Tiéu chi 2: Khong mot mau thir nao co cuong do
bé hon f., - A (A =3 MPa véi £, > 20MPa, A =2 MPa
voi £, <20 MPa).

Nhu vy, khi danh gia cip d6 bén bé tong theo BS
8110 [3] thi gia tri cwong d6 trung binh clia cic mau
thir chi chénh vé6i cudng d6 dic trung £, toi da la
3 MPa.

Bang 3: Cac yéu cau ve sy diam bao cwong d§ dac truwng chiu nén ciia bé tong

(a) (b)
Cép bé tong (Concrete Nhém céc mau thir Cudng d6 trung binh Khéng mot mau thir nao
class C) ctia cac mau thu > c6 cuong do <
Jou T A Seu—
2 miu déu tién A=1MPa A=3MPa
C20 tro 1én 3 méu dau tién A=2 MPa A=3MPa
bat ky 4 mAu lién tiép
lién nhau A=3MPa A=3MPa
2 miu déu tién A =0 MPa A=2MPa
C7.5dén C15 3 mau dau tién A=1MPa A=2MPa
bét ky 4 mAu lién tiép
lién nhau A=2MPa A=2MPa

4. PANH GIA CUONG PQ THEO EUROCODE 2

Cap d6 bén bé tong theo tiéu chuin EN 1992-
1:2004 [4] dugc ky hiéu la C (Concrete class), vi du
C30/37 trong d6 30 1a tri s tinh béng MPa cta cuong do
chiu nén déc trung mau tru tudi 28 ngay fu (fx = 30
MPa) va 37 la tri 86 cuong d6 chiu nén dac trung mau
lap phuong cling 28 ngay tudi Jer cub (fer, cur = 37 MPa).
Khai niém cuong d6 déc trung trong tiéu chuan chau
Au Eurocode 2 [4] ciing giong nhu BS 8110 [3], nghia
1a cac yéu cdu dam bao vé cuong do £ v6i xac xuat
dam bao 16n hon 95%.

Viéc danh gia cuong do bé tong phai tuan theo
EN 206-1: 2000 [10] va cac tiéu chuan lién quan.
Yéu cau cua EN 206-1 cao hon so v6i BS 5328-4.
Vi dy, bé tong cz”ip C30/37, ¢6 cuong d6 dic trung
chiu nén mau tru for 12 30 MPa, cudng d6 dac trung
chiu nén mau lap phuong fix ., bang 37 MPa. Dé
danh gia, tit ca cac mau lap phuong duogc luu 28
ngay theo quy dinh cua tiéu chuin 4p dung, cuong
d0 chiu nén tir cac mau lap phuong canh 150 mm
duoc tinh toan nhu Bang 4.
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Bang 4: Panh gia cip do bén bé tong véi miu lap
phwong 150 mm [11]

Mau lép ﬁ’ cub ﬁ’m cub
phuong ..
t
150 %150 | o Ghi cha
* ngidy | MPa | MPa
150
(mm)
1 28 | 44.6 dam bao diéu
2 28 | 392 | 432 | Kkiénve trong
luong riéng
3 28 | 45.8 (10t 88)

Ghi chii: f, cu, — curong do bé tong cla mau lap phuong,
Jem, cub — cuOng do trung binh cla cac mau 1ap phuong.

Theo EN 206-1 [10] (bang 14) thi cac tiéu chi sau
can phai théa man:

Ti€u chi 1: fi cup 2 for cun + 4 MPa;

Tiéu chi 2: min /. .p = for, cup - 4 MPa.

Vi du, v6i bé tong cip C30/37, theo Bang 3:

Tiéuchi 1: 43.2>37+4=41 MPa dat

Tiéuchi2: 39.2>37-4=32MPa dat

Nhan xét: bé tong dat cap do bén C30/37.

Nhu vay, khi danh gia cip do bén bé tong theo
Ellrocode 2 [4] thi gid tri cuong dg trung binh cua cac
mau thir chi chénh véi cap @6 bén C la 4 MPa doi véi
mau lap phuong.

4. PANH GIA CUONG PQ THEO TIEU CHUAN
VIET NAM

Tl ndm 2005 tr& vé trude, két chu BTCT ¢ nude
ta phan 16n duoc thiét ké theo TCVN 5574:1991 [1]
(hién nay da thay thé boi TCVN 5574:2012 [2]). Khéc
v6i tidu chudn My ACI 318 [5] hay tiéu chudn Anh
BS 8110 [3], TCVN 5574:1991 [1] ¢6 3 khai niém vé
cuong do bé tong, do la: mac bé tdong, cuong do ti€u
chuin va cudng do tinh toan vé nén.

Mac bé tong hay chinh xac hon la mac theo cuong
d6 chiu nén, ki hiéu bang chit M, ldy bang cuong do
chiu nén (cudong do trung binh), tinh bang kg/cm” ciia
mau chuan khdi 1ap phuong cé canh bang 150 mm,
duoc dudng hé va thi nghiém theo ti€u chuan TCVN
3118:1979 [12].

Cuong d0 ti€u chuan ctia bé tong gom 2 loai sau:

- Cuong d6 chiu nén cua Ipﬁu 1ap phuong R (chu
thich: c6 thé twong duong voi cap do bén B theo TCVN
5574:2012 [2] néu tinh theo MPa va lam tron so):

R=R (1-1.64xV) (4)
trong do:
En — gi4 tri trung binh cla cac miu thir chuan

(twong duong véi mac bé tong néu tinh bang kg/cm’
va lam tron s0),

¥V — hé s6 bién dong cua cudong do bé tong. Hé sb
V duge xac dinh theo két qua tinh toan vé thong ké.
Trong trudng hop thiéu sb liéu théng ké, TCVN
5574:1991 [1] cho phép lay V= 0.15.

- Cudng do tiéu chuan vé nén R,. (cudng do ling
try), lay bang:

R,.=A4,R ’ (5)

Trong do: 4, 1a hé s6 chuyén d6i tir cuong d6 chiu
nén ctia mau lap phuong sang mau ling try (hay
cuong do bé tong trén trén két cu), lay tir 0.700 dén
0.765 phu thudc vao mac bé tong [1].

Cuong d0 tinh toan v€ nén cua bé tong R, dugc
xac dinh nhu sau:
R

R, =""m 6
n kbn bn ( )

trong do: ky, = 1.3 1a hé sb an toan vé nén, my, la hé $6
diéu kién lam viéc, trong diéu kién binh thuong
=1.
Trong cac cong thirc (4), (5) va (6) mac du ¢ lién
quan dén hé s6 blen dong cuong d6 ¥ nhung cuong do
tinh toan gdc vé nén R, (trong diéu kién binh thuong,
my, = 1) dugc cung cép tryc tiép trong Phu luc 1 cua
TCVN 5574:1991 [1]. Vi vay, khi thiét ké, dé tién loi
gid tri cudng d6 tinh toan vé nén R, thuong dugc lay
luén theo Phu luc nay, va chi phu thudc vao maéc
bé tong. Kha nang chiu lyc cua két cdu/cAu kién duge
danh gia thong qua gia tri R,. Do do, khi danh gia
cuong do bé tong phai thong qua mac bé tong. Cac gia
trj cuong do tinh toan vé nén R, ciia bé tong twong
ung voi cac mac bé tong khac nhau theo TCVN
5574:1991 [1] dugc tom tat trong Bang 5.

Tir ndm 2012 dén nay, két ciu bé tong va BTCT
duogc thiét ké theo TCVN 5574:2012 [2], dya vao cip
d6 bén chiu nén cia bé tong (goi tat 1a cap do bén cua
bé tong). Trong tiéu chuin nay, khai niém cip d6 bén
dugc dinh nghia nhu sau: “Cdp d@é bén chiu nén cia
bé tong: Ky hiéu bang chit B, la gid tri trung binh
thong ké cia cwong dé chiu nén tirc thoi, tinh bang
don vi MPa, voi xdac sudt dam bao khong duoi 95%,
xdc dinh trén cdc mau lgp phiong kich thuéc tiéu
chudn (150 mm x 150 mm x 150 mm) dwoc ché tao,
duéng ho trong diéu kién tiéu chudan va thi nghiém
nén ¢ tuéi 28 ngay” [2]. Khai niém mac bé tong trong
TCVN 5574:2012 [2] gidbng nhu trong TCVN
5574:1991 [1]. Khi tinh toan theo trang thai gidi han
ther nhat (46 bén), cuong do chiu nén ti€u chuén doc
truc Ry, (cudong do lang tru) va cuong do chiu nén tinh
toan doc truc R,, xac dinh tuong ty nhu TCVN
5574:1991 [1] véi cac hé sb do tin cay khinén y.=1.3
(chinh 14 hé sb k,, = 1.3 trong cong thirc (6)) va hé sb
diéu kién 1am viéc cua bé tong vy (thong thudng
vy =1). Bang 13 cia TCVN 5574:2012 [2] cung cap
truc tiép cac gia tri cudng d6 chiu nén tinh toan
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R, twong tmg véi cac cap do bén va méac bé tong khac
nhau. Céc k¥ su thuong st dung cac gia tri cuong do
chiu nén tinh toan R, ctia bé tong cho trong Bang 13,
TCVN 5574:2012 [2], dé tinh toan hay danh gia kha
ning chiu luc cua két ciu/cdu kién. (Vi vay, co thé

sau nay khi xoat xét TCVN 5574:2012 [2] nén ghi chu
1d trong Bang 13 cua tiéu chuan nay 1a gia tri R, chi
tuong ung voi hé s6 bién dong cuong @6 v=0.135 va
hé s6 diéu kién lam viéc y,; =1). Cac gia tri cia R,
cling duoc tom tit trong Bang 5 dudi day.

Bang 5: Mac bé tong, cAp dé bén bé tong va cwong dd chiu nén tinh toan
theo TCVN 5574:1991 [1] va TCVN 5574:2012 [2]

Mac bé tong (kg/cm?®) —
theo TCVN 5574:1991 [1] M75 | M100 | M150 | M200 | M250 | M350 | M400 | M500 | M600
CAp do bén bé tong (MPa)— | B5 B7.5 | BI10 | BI5 | B20 | B25 | B30 | B40 | B45
TCVN 5574:2012 [2]
R, (kg/cm?) - theo TCVN 35 45 65 90 110 | 155 | 170 | 215 | 250
5574:1991 [1]
R, (MPa) — theo TCVN 2.8 4.5 6.0 85 | 11.5 | 145 | 17.0 | 22.0 | 25.0
5574:2012 [2]

Béng 5 cho thdy cac gia tri cuong do tinh toan vé
nén R, (TCVN 5574:1991 [1]) va R, (TCVN 5574:2012
[2]) gan nhu nhau. Vi du: ing véi bé tong B20 (M250),
R, =110 kg/em®, R, = 11.5 MPa (=115 kg/cm®); bé tong
B25 (M350), R, = 155 kg/em’, Rb = 14.5 MPa (=145
kg/em®); bé tong B30 (M400), R, = 170 kg/em’,
R, = 17.0 MPa (=170 kg/cm®); bé tong B40 (M500),
R, =215 kg/em®, R, = 22.0 MPa (= 220 kg/cm?). Do do,
¢6 thé ndi rang khi thiét ké két ciu theo tidu chuin Viét
Nam (TCVN 5574:1991 [1] hay TCVN 5574:2012 [2])
cudi cing déu can cr vao mac bé tong (ngoai trir nhimg
trueong hop can ctr vao hé s bién dong cudng do va hé
s6 diéu kién lam viéc dé xac dinh riéng cac gia tri cuong
d6 chiu nén tinh toan ctia bé tong). Cap d6 bén bé tong
dua ra trong TCVN 5574:2012 [2] (thuc chét 1a cuong
do chiu nén cia mau khdi vudng R trong TCVN
5574:1991 [1]) 1a budc dém dé hoi nhap véi chau Au va
thé gioi.

Cho nén, c6 thé no6i rang khi danh gia cudng do bé
tong theo TCVN 5574:2012 [2] hién van phai dya vao
méc bé tong trir khi thiét ké c6 quy dinh khac. Can
thiét phai bién soan hay chuyén dich tiéu chuan vé
danh gia cudng do bé tong theo cip do bén dé thich
hop v&i tiéu chuan thiét k& hién hanh va su phat trién
cua cong nghé bé tong hién nay.

5. KET LUAN

Céc phan tich da trinh bay cho thiy, khi thiét ké
két ciu theo khai niém, tham s cuong do nao (mac bé
tong M, cuong d6 chiu nén quy dinh /. v.v.) thi danh
gia cudng do bé tong theo tham sé d6. Panh gia
cuong do bé tong theo ACI 318 [5] (két cu thiét ké
theo ACI 318), phai can cir vao /", trong do6 gia tri
cuong dg trung binh cua mét t6 mau cia tat ca cac to
mau gébm 3 mau lién tiép phai 16n hon hodc bang 1.

va khong ¢6 mot mau thir nao c¢6 cuong do thap hon
0.9fc hay /. - 3.5 MPa néu /°, < 35 MPa.

Panh gia cuong do bé tong theo BS 8110:1997 [3]
(két cau thiét ké theo BS 8110), phai cin cir vao BS
5328-4:1990 [9] va céc tiéu chuin lién quan. Su chénh
nhau giita cuong d6 chiu nén dic trung feu (“cap do
bén”) voi cudng do trung binh cac miu thir fom (“méc
bé tong”) 16n nhét 1 3 MPa tity thudc vao cip do bén.

Pénh gia cuong do bé tong theo Eurocode 2 (két
chu thiét ké theo EN 1992-1:2004 [4]), phai can cir
vao EN 206-1 [10] va cac tiéu chuan lién quan. Su
chénh nhau giira cuong d6 chiu nén dic trung mau lap
phuong fix s (“cAp d6 bén”) voi cudng trung binh cac
mau thir 1ap phuong £« (“mac bé tong”) 1a 4 MPa.

Khi két chu duoc thiét ké theo tidu chuan TCVN
5574:1991 [1] phai dua vao mac bé tong. Khi két ciu
thiét ké theo TCVN 5574:2012 [2] hién nay van con
phai dya vao mac bé tong trir khi nguoi thiét ké co quy
dinh khac. Can thiét phai bién soan hay chuyén dich tiéu
chuén vé danh gi cudong do bé tong theo cip do bén dé
thich hop véi tiéu chudn thiét ké BTCT hién hanh.

Bai viét da 1am o duoc viéc danh gia cuong do bé
tong theo ti€u chuan Viét Nam va mot s tiéu chuin
nude ngoai. Mot s6 it y kién cho rang quan hé giita
“cAp” va “mac” bé tong theo TCVN 5574:2012 [2] la
qua 16n (thién vé an toan) c6 thé bi loai bo trén quan
diém tinh toan két ciu dua theo cuong dd chiu nén
tinh toan Rp.
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[1] TCVN 5574:1991 Két céu bé tong cbt thép — tiéu
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PANH GIA NHANH HU HAI CUA CONG TRINH SAU PONG PAT
SUDUNG DU LIEU KET HQP CHUYEN VI
DUA TREN HINH ANH VOI DU LIEU GIA TOC

) Pham, Quang-Vinh'
"Phong Péng ddt, Vién Chuyén nganh KCCT Xay dung, Vién KHCN Xady dung;
Email: quangvinhphamhau@gmail.com.

TOM TAT: Danh gi4 nhanh hu hai ctia cong trinh sau mot tran dong dit co thé day nhanh qua trinh tng pho va phuc hdi,
vi thé kha ning nhanh chong quay trd lai 1am viéc cua cic cong trinh ciing c6 thé duoc dién ra nhanh hon. Pic biét, véi
nhitng cong trinh dong vai trd quan trong trong cap ciru hodc ctru nan (nhu cac bénh vién, nha may ning luong...) hodc cac
cong trinh co gia tri cao (nhu nha may céng nghé cao, dudng sét cao tdc...), két qua danh gid hu hai va an toan cia cong
trinh ngay sau tac dong ciia dong dit c6 vai trd vo cing quan trong. Muyc dich ciia nghién ctru nay 1a thanh 1ap mot quy
trinh dénh gia hu hai cua cong trinh ngay sau mot dong dat sir dung chuyén vi dua trén cong nghé hinh anh va dir liéu gia
tbc. Mot phuong phap két hop sur dung Butterworth filter da duoc sir dung dé lam tang do chinh xdc cua dir liéu chuyén vi
dua trén hinh anh bang cach két hop v6i dit licu chuyén vi dugc chuyén doi tir gia tdc. Phuong phap danh gia dugc dé suat
trong nghién ciru nay da dugc kiém ching bang thi nghiém dén hu hai hoan toan cua m6 hinh cong trinh ket céu thép trén
ban rung mo phong dong dat. Két qua ctia nghién ciru cho thay rang phuong phap két hop o thé dwa ra s liéu chuyén vi
¢6 d6 chinh x4c cao nho sy két hop giita dir licu chuyen vi dya trén hinh anh va dir liéu gia toc. Ngoai ra, két qua danh gia
mirc d6 hu hai cta cong trinh dya trén ty sb chuyén vi 1éch ting lay tir chuyén vi két hop cho thay su phu hop so v6i pha
hoai duoc danh gi4 sau cac thi nghiém. Bén canh do, két qua nghién ctru cho thdy do cimg cuia két cAu mo hinh c6 thé bi
giam 16 rét sau dong dit véi PGA = 200Gal mic du chuyén vi du 1a gan nhu khong co. Cubi cung, nghién ctru dé dua ra
mdt quy trinh hira hen dé danh gia nhanh strc khde ctia cong trinh hién hitru sau mét tran dong dat.

Tiur khoa: Panh gia dong dat, Chuyén vi, Gia téc, Khung thép m6 men, Phuong phap Kkét hop.

ABSTRACT: Rapid assessment of structure damage after an earthquake can facilitate the recovery of operation, therefore
resilience of the structure can improve. Especially, for those facilities that play a key role of rescuing or refuge centers
(such as hospitals, power facilities etc.) or high-value facilities (such as high-tech factories, high-speed railway, etc.),
immediate operation right after the disruption of an earthquake is even more critical. This study aims to establish a post-
earthquake rapid damage assessment procedure using vision-based displacement and acceleration data. A fusion method
with Butterworth filter was used to enhance the accuracy of vision-based displacement by fusing with the acceleration
signal. The proposed method in this study was verified using a steel frame structure that was damaged during simulated
earthquakes on a shaking table. The results reveal that the fusion method can generate high accurate displacement signal
from vision-based displacement and acceleration. Moreover, the estimation of damaged level results based on inter-story
drift ratio data from fusion displacement data was observed to be reasonable. Additionally, the stiffness of the structure can
be reduced significantly after the simulated earthquake excitation with PGA = 200Gal although the residual displacement
was negligible. In conclusion, this study provides a promising procedure to evaluate promptly the health of an existing
building structure after an earthquake.

KEYWORDS: Seismic Evaluation, Displacement, Acceleration, Steel Moment Frame, Post-earthquake rapid seismic
evaluation, Fusion method.

1. GIOI THIEU

Sau mdi tran dong dat, nhitng du tran thuong xay
ra, va nd c6 thé gy ra pha hoai nghiém trong cho cac
cong trinh [1-3]. Vi ly do ndy, danh gia hu hai cua
cong trinh sau dong dat can phai dwoc thuc hién
nhanh nhét c6 thé dé gitip cac chuyén gia c6 thé danh
gia vé mirc d6 an toan cua cong trinh. Két qua danh

cong nghé cao trai qua mot trdn dong dét 16m, sy an
toan cuia két cau phai duoc dam bao trude khi cac ky
su co thé quay tré lai nha may dé giai ctru cho cac
thiét bi va san pham dét tién. Vi mot hé thong danh
gi4 hu hai sau dong dat, thoi gian cho viéc c6 danh gia
chic chin vé su toan ven cua két ciu co thé ngén hon
rat nhidu.

gia nhanh chong va dang tin cdy khong chi gitip canh
bao nguoi dan tranh xa cac cong trinh nguy hiém, ma
con mang lai nhimng loi ich to 16n cho kinh té va xa
hoi: 1am giam thoi gian gian doan va 6n dinh lai sinh
hoat va coéng viéc [4]. Vi du, khi mét nha may

Theo doi strc khoe cong trinh (Structural health
monitoring (SHM)) cung cap nhimg thong tin thiét
y€u v€ img xur cuia cong trinh trong qua trinh dong dat,
dong vai trod tién quyét trong phuwong phap danh gia hu
hai va an toan cua cong trinh sau dong dat [5].
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Trong khi tmg xir gia tdc ctia cong trinh ¢6 thé dugc
do chinh xac bai thiét bi do gia téc accelerometer, ing
xtr chuyén vi van con 1a mét thach thic 16n voi cac ky
su [6]. Hién nay, c6 mot sd cac phuong phap do
chuyén vi nhu s _dung thanh do chuyén vi tuyén tinh
(LVDT); dong hd do bién dang strain gauges, laser
Doppler vibrometer (LDV); total station, global
positioning system (GPS); phuong phap do chuyén vi
dua trén hinh anh va phuong phap do chuyén vi gian
tiép chuyén ddi tir gia toc. LVDT, strain gauges, va
LDV c¢6 d6 chinh xac cao; tuy nhién, kha nang ng
dung ctia nhitg phuong phap nay thip do gia thanh
cao; yéu cau bét budc phai c6 cac diém méc cb dinh
va hé théng thiét bi do phirc tap va c6 thé c6 khdi
luong 16n c6 thé anh huong dén sy lam viée cua két
cAu [7, 8]. Bén canh d6, GPS va total station co thé do
dugc chuyén vi tinh va dong cia cong trinh. Tuy
nhién, nhimg tic dong téng hop va téc d6 do cham
anh huong 1d rét dén d6 chinh xac cua cic phuong
phap nay.

Tir thé ky trudce, sy phat trién nhanh chong cia
cong ngh¢ hinh anh va khoa hoc mdy tinh da mo
nhitng co hoi cho tng dung do chuyén vi ngang cua
cong trinh str dung hé thong do dya trén hinh anh st
dung camera va cac phan mém lap trinh phén tich
[7-12]. Mot hé thong do chuyén vi dua trén hinh anh
thong thuong bao gom cameras, thiét bi lwu nhan
videos va may tinh. Phan mém may tinh phan tich va
theo ddi dich chuyén cua cac diém muc tiéu tir video
dugc thu lai bd cameras. Phuong phap do dya trén
hinh hanh ¢6 nhimng wu diém nhu: gia thanh thiét bi
thap, d& lap dit va sir dung, va linh dong trong viéc do
chuyén vi ciia bt cir diém muc tiéu nao cia cong trinh
chi tir 1 video. Tuy nhién, do tmg xir chuyén vi dya
trén hinh anh st dung camera giam sat thong thuong
khéng thé cung cip du do chinh xac do tbc do va chat
lwong hinh anh thap, trong khi camera téc d6 cao va
¢6 chat luong hinh anh cao 1a rat dit.

Ngoai ra, dir lidu gia toc dugc ghi béi thiét bi do
gia tdc accelerometer c6 thé duoc chuyén ddi truc tiép
sang dir liéu chuyén vi bang cach sir dung tich phén
kep. Phuong phap do chuyén vi gian tiép tir gia toc co
thé cho két qua dang tin cdy voi dai chuyen vi tan sb
cao, tuy nhién dai chuyén vi tan s thip 1a khong
chinh xac do hi€u ng cua tich phan kép [13-15]. Do
do, can thiét phai st dung High-pass filter dé loai bo
thanh phan nhidu tan $0 thip nay. Két qua 13, chuyén
vi chuyén ddi tir gia tdc 1a hoan toan khong chinh xac
khi cong trinh chuyén vi voi tan s6 thap (khi xut hién
bién dang du hodc chay déo). Vi dai tan s thap bi loc
boi High-pass filter s& bao gom théng tin vé chuyén vi
phi tuyén cta cong trinh.

C6 thé thay rd rang nhuoc diém ciia phuong phap
do chuyén vi dua trén hinh anh lai chinh 13 wu diém
phuong phéap do gian tiép duwa trén gia tbc va ngugc
lai. Do do, tang d6 chinh xac cta chuyén vi dua trén

hinh anh la kha thi khi két hop vai chuyen vi chuyén
doi tir gia toc. Y tuong cua viéc két hop giira mot
phwong phap do chuyén vi chinh xéc trong khoang tan
s6 thap va mot phuong phap do chuyén vi chmh xac
v6i dai tan s cao di dugc nghién ctru boi mot s6 nha
nghién ctru [6, 16-21]. Smyth va Wu nghién ctru viéc
ung dung cua phuong phap multi-rate Kalman
filtering va smoothing technique dé két hop giira di
liéu chuyén vi tdc do ghi thép va dir liéu gia tdc toc do
ghi cao [16]. Chang va Xiao da dwa ra dit liéu chuyén
vi ¢6 d0 chinh xac cao hon tir dir liéu chuyén vi dua
trén hinh anh va dir liéu gia toc bang cach st dung
multi-rate Kalman filter va smoothing technique [17].
Hong et al. da thiét ké mot bo loc FFIR dé két hop di
lidu chuyén vi tir LVDT va gia toc, va di kiém ching
béng thi nghiém hién truong tai mot két chu cau
duong sat [21]. Kim et al, da trinh bay mot phuong
phap tw dong phan tich chuyen vi tan s6 cao tir dit liéu
gia tdc két hop véi chuyén vi tir LDV st dung multi-
rate Kalman filter [19]. Park et al, kiém chung su
chinh x4c ciia phuong phap két hop bang thi nghiém
dam don gian va so sanh sai sd giita chuyen vi tor
phuong phap két hop va tham chiéu 1a chuyén vi dugc
do bang LVDT. Két qua di cho thiy phwong phap két
hop da lam tang do chinh xac ciia chuyén vi dya trén
hinh anh rit r& rang [20]. Phuong phap két hop da
dugc trinh bay trong cac nghién ctru nhu mét quy
trinh tiém ning va kha thi dé 4p dung do ung xir
chuyen vi cua cong trinh thyc véi d6 chinh xac cao
hon. Tuy nhién, nghién ctru danh gia sy lam viéc cua
phuong phap két hop trén ng xir cia mot cong trinh
thue co xét dén su khac nhau vé thoi gian va tbc do
do, va gia tri cua tan s6 cit 1a chua 6 va can thiét.

Chuyén vi léch tang 1a mét thong tin rat gia tri tir
dir lidu tmg xtr chuyén vi ciia mot cong trinh trong qué
trinh dong dit, no co thé dung dé danh gia trang thai
hu hai cia mdt cong trinh thyc ngay sau mot tran
dong dat. Naeim at al, [22] d4nh gi4 tinh tmg dung cta
cac phuong phap khac nhau cho viéc danh gia stic
khoe cong trinh ngay sau dong dat, nghién ctru trén 40
cong trinh CSMIP dugc gin thiét bj do véi nhidu hon
mot tran dong dat. Nghién ctru da két luan ring
phuong phdp danh gid trang thai phd hoai cua cac
cong trinh dya trén gia tri chuyen vi léch tang 16n nhat
va cac biéu dd pha hoai 1a rat tuyét voi. Tuy nhién,
nghién ctru chi sir dung mot loai thiét bi do ung xu la
thiét bi do gia tdc accelerometer. Do d6, su chinh xéac
ctia nghién ctru chi duge dam bao khi tng xtr ctia két
cAu cong trinh 13 tuyén tinh. Khi tng xi&r cia cong
trinh 1a phi tuyén, két qua danh gia chin chin s&
khong danh gia dung mirc d¢ hu hai ctia cong trinh.

Trong nghién citru nay, chuyén vi dua trén hinh
anh c6 duoc nho su dung camera gidm sat thong
thuong va phuong phap Stereo triangulation, bén canh
d6 tich phan kép duogc sir dung dé chuyén d6i dir lidu
gia tdc sang dit liéu Gng xtr chuyén vi. Thi nghiém
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ban rung mb phong dong dat ciia nha khung thép da
duoc tién hanh v6i nhitng cap do khac nhau cua dong
dat. Mot trong nhitng muyc tiéu cua nghién ctru nay 1a
nghién ctru vé tinh kha thi cua phuong phap két hop
trong viéc lam tang d chinh xac cua phuong phap do
chuyén vi su dung camera gidm sat thuong. Mot muc
tiéu khac ciia nghién ctru 1a nghién ctru vé tinh kha thi
cua viéc danh gia nhanh trang thai hu hai cia mot
cong trinh thyc sau dong dat sir dung dir lidu chuyén
vi tor phuong phap ket hop va dur liéu gia tbc. Bén
canh d6, cac thong s6 khac bao gom chuyén vi du, sy
giam d6 cung cong trinh, va hé so 1éch cua cong trinh
cling duoc xem xét dé dua vao danh gia trang thai hu
hai ctia cong trinh.

2. PHUONG PHAP LUAN

2.1. Phuong phap do chuyén vi dya trén hinh anh

Quy trinh ctia phuong phap do chuyén vi dua trén
hinh anh duoc trinh bay trong Hinh 1. Pau tién, hai
camera dugc lap dat phia dudi trin va cai dit dé ghi
hinh toan bo cac diém theo ddi chuyén vi da duoc gin
trén san. Tlep theo, qua trinh hi€u chinh s€ tinh toan
céc thong sd bao gdm cac thong s6 bén trong (d6 dai
tiéu cuy f, and f,, goc nghiéng a, diém chinh cx va cy,
hé s6 nghiéng k , k,,k,,k,, va k,) va cac thong sd bén
ngodi (ma tran xoay R va véc to chuyén dbi T). Dé
tinh toan cac thong s6 hiéu chinh, anh cua bang hi¢u
chinh (6 ban c¢o vua) dugc chup bdi 2 cameras dugc
phén tinh dua trén kich thudc thuc ctia cac 6 ban co st
dung Bouguest’s toolbox [23]. Trong qua trinh dong
dat, hai camera ghi lai 1 rang va lién tuc dich chuyén
clia cac diém muc tidu. Ngay sau dong dat, cac video
s& duoc tong hop va xudt thanh cac birc anh lién tiép.
Tiép theo d6, anh va cac thong sd hiéu chinh duoc
nhdp vao ung dung ImproStereo [24], tng dung nay
duoc 1ap trinh chay trén phdn mém Matlab. Trong tng
dung ImproStereo, toa do cua cic diém muc tiéu s&
duoc tinh toan chuyén ddi tir hé toa d6 2D sang hé toa
d6 3D st dung phuong phap stereo triangular, va vi tri
cla cac diém muc tiéu s€ duoc ghi lai lién tuc trén
ting birc anh dé tong hop thanh dir lidu chuyen vi theo
thoi gian. Cudi cung, chuyén vi ciia cac diém muc tiéu
dugc chuyén d6i tir don vi pixel sang don vi do luong
k¥ thuat va duoc ghi lai.

Calculating calibration parameters
using camera calibration tool
(Bouguest’s toolbox)

v v

Capturing photos of calibration
board (left &right)

Intrinsic ~ parameters  and
extrinsic parameters.

- Matching and tracking target
points movement

- Converting pixel
displacement to engineering
unit

Output l

Vision-Based Displacements

. Wy .
l-} I Run
Lol  — ImProStereo
Recording Videos (left &right) ~ Extracting video to images

Hinh 1. Phuong phéap do chuyén vi dua trén hinh anh

2.2. Chuyén vi chuyén ddi tir dir liéu gia tdc

Ung xir chuyén vi ctia mot cong trinh trong mot
trdn déng dat co thé dugc chuyén dbi gian tiép tir dir
lidu gla tc sir dung tich phan kép. Tuy nhién, két qua
chuyen vi tur tich phan kep c6 chira cac song nhiéu tan
SO thap, cac song tan sb thip nay anh hu:ong nghiém
trong dén d6 chinh x4c cua tng xur chuyen vi cia cong
trmh dugc chuyén d6i gir dir lidu gia tde. Két qua 1a,
can thiét phai sir dung ngh -pass filter dé loai bo hoan
toan cac song nhidu tin sb thp khong mong mudn.
Qua trinh chuyen dbi tir dir liu gia téc sang dit liéu
chuyén vi gdm ba budc chinh. Pau tién, phuong phap
trapezoidal dugc su dung dé tich phan dit heu g1a tbc
thanh dit liéu van tdc. Sau do, dit liéu van toc tiép tuc
duogc tich phan dé dat dugc dir liéu chuyen vi. Cudi
cung, dit liéu chuyén vi dugc loc qua High-pass filter
dé loai bo hoan toan dai tin s thdp khong mong
mudn. Phuong phép trapezoidal cho tich phan s6 ¢
thé duoc dién dat nhu sau:

v

:v.+%(a +a,) (1a)

i+l i i+l

(1a)

That khong may, dai song tan s6 thip bi x6a bo
boi High-pass filter dong thoi bao gdm dit liéu vé tng
xir chuyén vi cia cong trinh phan anh sy xuét hién cta
bién dang du (ing xir phi tuyén) cta cong trinh trong
qua trinh dong dat. Vi Iy do dé, chuyén vi chuyén dbi
tir gia tbc sir dung tich phan kép khéng dwoc chip
nhan trong tng dung thuc té khi dao dong c6 bao gdm
c4c bién dang du.

i+l i i+l

d. :d.+A2t(v +v)

2.3. Phuong phép két hep dir ligu chuyén vi

Phwong phéap két hop c6 thé cung cép Gng xu
chuyén vi ¢6 d0 chinh xdc cao cua cong trinh thuc
trong qua trinh dong dat, dir lidu chuyén vi nay
dong vai tro cbt yéu trong viéc danh gia nhanh mirc
dd hu hai ctia cong trinh sau dong dat sir dung két
hop dit liéu chuyén vi tir hinh anh va dit liéu chuyén
vi tir gia toc. Trong nghién ciru nay, thiét ké cua
phuong phap két hop cé ba budc chinh: thiét ké
Butterworth filter cho High-pass va Low-pass filter;
qua trinh dong bd vé thoi gian va tée do do giira hai dir
lidu chuyén vi; va chon tan sd cat ti wu. So dd cua
phuong phap két hop duoc trinh bay trong Hinh 2. Pau
tién, tan sd ldy miu va truc thoi gian cua dir lidu
chuyen vi dua trén hinh anh phai duoc dong bd véi
tan s6 14y mau va truc thoi gian cua dit lidu gia tdc.
Tan sb ldy mau cua chuyén vi dwa trén hinh anh
bang v&i tébc dd ghi hinh cua camera giam st
thuong 1a khoang 30Hz, trong khi d6 téc do 1dy miu
cua thiét bi do gia téc 12 200Hz. Ddng thoi, dit lidu
gia tdc cling duoc chuyén ddi sang dit liéu chuyén
vi st dung phuong phap trapezoidal.
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Synchronization of
sampling rate and
time

Vision-based

displacement Low-pass filter

Fusion displacement

Acceleration Integrator High-pass filter

Hinh 2. Quy trinh ctia phuong phap két hop

Tiép theo do, chuyén vi dua trén hinh anh duoc
loc tan sé cao qua Low-pass filter va chuyén vi dua
trén gia tdc dugc loc tan sb thap qua High-pass filter
dong thoi, voi cung mot gia tri cua tan so cat.

Chuyén vi két hop X, () dugc tinh toan bang
cach tong hop hai dir lidu da dugc loc: chuyén vi dya
trén hinh anh da loc qua Low-pass filter x (z,) va

chuyén vi dua trén gia tbc di dugc loc qua High-pass
filter x_(¢z,) nhu cong thic sau:

ace
X fusion (tk )=

vision

'x;'i.\'ir)n (tk ) + x;z(-(- (tk ) (2)

2.3.1. Thiét ké Butterworth filter

Butterworth filter can phai duoc th1et ké dé loai bo
dai tan s& thap khong mong muon trong dir li¢u
chuyén vi dua trén gia toc va khoang tan sé cao khong
chinh xac cua dir liéu chuyén vi dya trén hinh anh.
Hinh 3 chi ra anh huong cua gié tri filter order 1én
hinh dang cua dudng cong chuyen d01 dir liéu duogc
loc tai vi tri tAn s cat. Co thé thay rang, hinh dang
cua duong cong chuyén d6i thay ddi phu thudc nhiéu
vao gia tri cua filter order. Khi gia tri cia filter order
thip (n = 1, hodc n = 2), duong cong chuyén ddi thoai
theo phuong ngang. Khi gia tri cua filter order ting
biéu d6 chuyén d6i s& déc hon va dich chuyén vé
phuong thing ding. Tuy nhién, khi n > 4 hinh dang
cua duong cong chuyén dbi thay ddi 1a khong dang
ké. Bén canh do, khi filter order cang 16n thi thoi gian
phén tich cang lau. Tu nhiing phan tich trén, nghién
ctru chon gia tri cua filter order 1a bon.

Low-pass filter

Amplitude

Hinh 3. Anh hudng cta Butterworth filter order

2.3.2. Qud trinh déng b¢

Qua trinh dong bo 1a mot bude quan trong trong
phuong phap két hop. Qua trinh nay s¢ ddng nhét cac
dac tinh cta hai dir li¢u tr hai ngudn khac nhau, lam
nén tang cho su két hop cua hai dit liéu. Téc do lay
mau cia chuyén vi dva trén hinh anh phai duoc ting
tr 30Hz 1én 200Hz ddng bo voi toc d6 1dy miu cia

gia toc. Tiép d6 sy chénh léch vé thoi gian lay miu
cling phai dugc hi¢u chinh chinh xac [20]. Hai ham
interpolation va down-sample trong phian mém
MATLAB d3 duoc st dung dé ting gia tri 1dy mau
cua dir liéu chuyén vi dua trén hinh anh tir 30Hz 1én
200Hz.

Bén canh d6, sy khong dong nhét vé thoi gian lay
mau gitra hai dir liéu cling phai duogc x6a bd. Hai dir
liéu chuyén vi da dugc can chinh str dung thong tin vé
do 1&éch thoi gian gilra hai dir li€éu. Thong tin nay co
dugc nho sir dung phuong phép cross-correlation [16].
Do 1éch vé thoi gian duoc tinh toan tir do 1éch vé sd
lan 14y mau, gia tri ndy tuong Ung voi gia tri 16n nhét
cua tuong quan cross-correlation.

Gia tri twong quan cross-correlation ¢[n] cua hai
di liéu f va g dugc dinh nghia nhu sau:

WG 3

[n]= 3 1 [mlg[m+n] ()
Trong d6 f"la gia tri phiic cua /', va nla gia tri
chuyén vi, hay con goi 1a d6 1éch (gia tri thir m trong f
tuong ung v6i gia tri m+n trong g). Can chi ¥ rang
tbc do lay mua camera théng thuong la khong 6n

dinh, do d6 ludn ton tai sai sé nho vé thoi gian giira
hai dit liéu chuyén vi.
2.3.3. Xdc dinh gid tri tin so cdt téi wu

Gia tri cta tan s cit c6 anh huong rat 1on dén do
chinh xac cua chuyén vi két hop gitra hai dir liéu
chuyén vi. Dix liu chuyén vi két hop s€ bi anh huong
boi séng tan so thap khong mong muon tur chuyén vi
dua trén gla toc néu gla tri cua tan sb cat qua nho.
Mat khac, két qua chuyén vi tir phuong phap két hop
co the thleu di nhirng chuyén vi tan s6 cao néu gia tri
clia tan sb cat 1a qua 16n. Trapani [14] dua ra khoang
gia tri cia tan sb cat phu thudc vao chu ky dao dong tu
nhién cua cong trinh nhu sau 0.2< f, <0.5x7, trong
d6 T 1a chu ky dao dong tu nhién cia cong trinh. Theo
Park et al, [16], gia tri tdi wu cta tan sb cit co thé
duoc xac dinh dya trén biéu dd phé nang lugng cia
tin hiéu nhiéu cua hai dir liéu chuyén vi. Tuy nhién,
trong nghién ctru nay, giao diém giita hai biéu d6 phd
ning luong cua tin hi¢u nhiéu giita hai dit liéu la
khong 16 rang. Do d6, tan sb cat khong thé duoc xac
dinh dwa vao phuong phap trén. Vi Iy do trén, tan sb
cat duoc xac dinh dwa trén phan tich sai s6 cua két qua
chuyen vi két hop véi nhimg gid tri khac nhau cua tan
sd cit (fc). Gia tri tuyét ddi cua sai s cua chuyén vi
két hop so sanh v6i chuyén vi tham chiéu (dugc do
bi thiét bi LVDT) c6 thé dugc tinh toan nhu sau:

e(t) | ,,,S,U,,(t) xLVDT(t )| (4)

Trong do,
x,,,, (.)1a chuyén vi duoc do boi LVDT tai thoi
diém #
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(t,) la gid tri chuyén vi ¢6 dugc tir phuong

/us:o 1

phap két hop tai thoi diém .

Hinh 4 biéu thi gia tri trung binh va d¢ 1éch chuén
cua gid tri tuyét d6i cua sai sd giita chuyén vi két hop
va tham chiéu (do bai LVDT) véi cac gia tri khac
nhau cua tan s cat tir 0.05Hz dén 10Hz. C6 thé thay
rang, khoang gia tri ti wu cua tan s6 cét la khoang tir
0.3Hz dén 1.7Hz véi gia tri trung binh va d¢ léch
chuan cua sai s6 1a nho. Nghién ctru nay chon gia tri
tan s6 cét 1a 0.9Hz, vi khi fc = 0.9 gi4 tri trung binh va
d6i 1éch chuan cua sai s6 1a nho nhat.

1
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0 ! 2 3 4 5 6 7 8 L 10 11
Cut-off frequency (Hz)

(a)

0.012

0.01
0.008

0.006

0.004 L\/_—_—_
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I3
2
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S

5]

(b)

Hinh 4. Anh hudng cia tan sb cat toi sai s0
cta chuyén vi két hop: (a) tri tuyét dbi cua sai s6 trung binh
(b) d6 16ch chuén cua sai sb

2.3.4. Danh gia nhanh hw hai cong trinh sau
dong dit

Phuong phap danh gia hu hai cta cong trinh ngay
sau dong dat dua trén thong tin chinh 1a ty s6 chuyen
vi léch tangcta cong trinh trong qua trinh dong dét.
Mutc d0 hu hai dugc chia thanh nam cép do khac
nhau: Khong hu hai, hu hai nhe, hu hai trung binh, hu
hai nang, va hu hai hoan toan.

Dé danh gia trang thai hu hai va do cing cong
trinh sau dong dét, img xir clia cong trinh tai giai doan
cudi cia dong dat da dugc tach ra dé phan tich. Ung
XUr cua cong trinh tai giai doan cudi cta dong dat
tuong Umg véi gia tri gia tde tai san mai cta cong trinh
tir 75Gal dén 25Gal dugc chon dé phan tich (xem
Hinh 5). Giéi han duéi dugc xac dinh la 25Gal, vi
biéu do lap bi phan tan khi gia tri gia toc tai san mai
cua cong trinh nho hon 25Gal. Gia tri giéi han trén
dugc xac dinh 1a 75Gal dé dam bao rang tng xr ciia
cong trinh tai giai doan cudi ciia dong dat 12 hoan toan
tuyén tinh, lam co s& cho viéc xac dinh d§ cung cua

cong trinh sau dong dat (xem Hinh 6). Chuyén vi tai
san mai cuia cong trinh 4, cé thé duoc xac dinh bang

Roof

tong chuyén vi 1€ch tang cia cac tang.

4 (1) = 2d,(0) (5)
Trong do, .
d, = chuyén vi 1éch ting tai tang th j;
N = Tbng sb tAng clia cong trinh.

Luyc cat day V cuia cong trinh trong qua trinh dong
dat duoc tinh toan dya trén gia tri tuyét ddi cua gia toc
va khdi luong tap trung tai cac san (xem Cong thic 6).
Gi4 tri lyc cat day duoc chudn hoa theo Cong thirc 7.

V@)= me ) (6)
V.@t)=V.() imjg (7
Trong do,

m = Khdi lwong tap trung tai san thi j;

i, = Gid trj tuyét dbi cua gia tdc tai san thi j;
v, = Gia tri chuan hoa cua luc cat day;

g= Gia tdc trong truong.

Hinh 7 hién thi dudng hoi ta cua biéu dd lip cua
ket cau cong trinh tai giai doan cudi cua dong dat. Do
cing du cua cong trinh K, dugc xac dinh tuong Gng
véi do dbe cua dudng thé“ing hoi tu, co thé duoc tinh
nhu sau:

S . —S
K = min max 8
‘ dmin _dmax ( )
Trong d6 s, va s, la gid tri nho nhat va gia tri

16n nhit cua luc cit day chuan héa cua duong thang
hoéitu. d_ va 4 la gia tri nho nhat va gia tri lon nhat
ctia chuyén vi mai ctia duong thang hoi tu. Chuyén vi
du d, dugc xac dinh 1a chuyén vi cia cong trinh tai
thoi diém cudi cua dong dit twong ing voi luc cét day
bang khong:

2|(Kd xd  )-s

max

S )

2000

1300 Roof-acceleration

tooo | 4 75Gal to 25Gal

5 500

0

-500

-1000

-1500

-2000

0 20 40 60 80
Times (second)

Hinh 5. Ung xr gia tdc ctia mo hinh A trong
thi nghiém voi PGA= 600Gal
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Hinh 6. Biéu db lap giita chuyén vi dinh va lyc cat day
cua md hinh A thi nghiém dong dat véi PGA = 600Gal
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Hinh 7. Xéc dinh chuyén vi du va do cimg du
cua két cau sau dong dat

3. THi NGHIEM BAN RUNG MO PHONG
PONG PAT

3.1. M ta mé hinh két ciu
Bang 1. Thong s6 k§ thuit mé hinh

Céu kién Tiét dlén Kich thudc
(mm)
Cot H 100x30%5%7
Dim U 50x100%6
(OTHI% 18x1.2
X —dir 5
N ng
Giang (T2) 21 7x2
Y —dir L (L) 65%65%6

Mo hinh thap ddi két ciu thép ty 1& 1/3 cta cong
trinh Chinese Academy of Science da duoc ché to tai
Trung tdm nghién ctru dong dit (NCREE) dé kiém
chung g dung ctia phuong phap danh gia nhanh hu
hai cta cong trinh dya trén phuong phéap két hop gitra
dit liéu chuyén vi dya trén hinh anh va dit liéu chuyén
vi duya trén gia toc. Bang 1 trinh bay cac théng sé k¥
thuat cua mo hinh thi nghiém. TAt ca cac cot 1a thép
hinh H-100x30x5x7 mm va khong thay ddi tiét dién
trén toan bo chidu cao mé hinh. C6 hai loai giang tiét
dién 6ng rong T1 va T2 theo phuong X cua cong
trinh, trong khi d6 phwong Y chi sir dung 1 tiét dién
gidng chit L. Cac lién két chinh ciia mé hinh 1a lién
két bu long. Do d6 tat ca cac cot va giang 1a co thé
thay thé dé dang. Ngoai ra, lién két gitta san va dam la
lién két han. Tinh tai san ctia cong trinh dugc mé hinh
bang cac khdi gang gin trén mdi san. Tong khdi lugng
cua mot san khodng 962.85 kg, ngoai trir san mai

14 903.98 kg. Hinh 8 la hinh anh cua 3 m6 hinh da
duoc lién két trén ban rung mé phong dong dat.

Hinh 8. M6 hinh trén ban rung

3.2. Cac trwong hop thi nghiém

Dit liéu thi nghiém dong dat ciia ban rung st dung
duoc ghi tai tram TCUOQ71 trong dong dat Chi-Chi tai
Dai Loan (1999). M&i mé hinh ¢6 hai giang T1, vi tri
cua hai thanh giéng T1 dugc xac dinh dua trén vi tri
hu hai va tmg xur da duoc du kién cua cong trinh. Véi
mo hinh A, hai thanh gidng T1 duoc dit tai ting 1 cua
thap cao hon do dé ting hu hai dwoc dy kién I3 tai
tang 1 cua mo hinh. Vi tri hu hai cia m6 hinh B dugc
du kién 1a tang 2 cua thap cao hon, vi vay hai giang
T1 duogc lip dat tai vi tri twong Gng 1a tang 2 cua thap
cao hon. V61 m6 hinh C, hai thanh giang T1 duoc
thiét ké tai cung mot phia tai tang 1 cia mod hinh, muc
dich 1 dé tao ra mg xur xodn cta cong trinh trong qua
trinh dong d4t. Mdi md hinh déu duogc thi nghiém trén
ban rung md phong dong dat véi cac cip dong dat
khéc nhau tir 50Gal dén khi bi hu hai hoan toan.

Bang 2. Thiét ké giang ciia cAc md hinh

Location Speimen Spe%men Spec(;men
1F 2xTl 2xT2 |1TI+1T2
2F 2xT2 2xT1 2xT2

Toxer 3F 2xT2 | 2xT2 | 2xT2
4F 2xT2 2xT2 2xT2
5F 2xT2 2%x2 2xT2
1F 2xT2 2xT2 (1IT1I+1T2

Tower 2F 2xT2 2xT2 2xT2

B 3F 2xT2 | 2xT2 | 2xT2
4F 2xT2 2xT2 2xT2

3.3. Thiét bj do

Nghién ctru nay sir dung 3 loai thiét bi do chinh
bao g6m déu do gia tdc accelerometer, thanh do
chuyen vi tuyén tinh (LVDT), va hé thong do chuyen
vi bang camera giam sat thuong. Thiét bi do gia toc
accelerometers dugc lap dit tai cac goc cua san cac
tang theo phuong X, trong khi d6 LVDT dugc lap dat
aé do chuyén vi ngang cua cong trinh theo phuong X
tai tat ca cac san ting cua thap cao hon. Camera duoc
lép dat phia dudi tran dé ghi lai chuyén dong cia
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tat ca cac diém muc tiéu da duoc grfm tai san cac tﬁng
ciia thap cao hon. Hé thdéng do chuyén vi bang
cameras thuong bao gdm thiét bi chuyén doi hub, thiét
bi ghi video MVR, man hinh diéu khién va may tinh
nhu duge thé hién trong Hinh 9. Téc d6 1dy miu cia
thiét bi do gia toc 1a 200Hz, trong khi d6 téc do ghi
hinh cta camera la khoang 30 fps.

Hinh 9. Hé théng do chuyén vi dua trén hinh anh

4. KET QUA
4.1. Sy chinh x4c ciia chuyén vi két hop

Hinh 10 so sanh dit liéu chuyén vi két hop véi dit
liéu chuyén vi tham chiéu LVDT tyong qué trinh thi
nghiém v6i PGA = 800Gal dong dat cua mo hinh A.
De danh gia do chinh xac cua chuyén vi két horp, sal
s6 cua chuyén vi két hop déa dugc so sanh véi sai s6
cua cac dir ligu chuyen vi khac bao gom; dir liéu
chuyén vi dya trén hinh anh, dir liéu chuyén vi dua
trén gia toc. Sai sO cua cac dir li€u chuyén vi
e(t,) dugc tinh toan theo Cong thuc:

e(tk ) = X oeasured (tk ) = X (tk ) (1 0)

Trong d6 *wewes () 13 dit lidu chuyén vi duoc do
tai thoi diém #, va x,,(z,) 1a chuyén vi tham chiéu
(LVDT) tai thoi diém ¢, Hinh 11-a va Hinh 11-b so
sanh sai s6 cua cac phuong phap do chuyén vi khéc tai
tang 1 ciia m6 hinh A trong qué trinh thi nghiém véi
dong dat co cuong do lan luot 1a PGA = 200Gal va
PGA = 800Gal.
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Bang 3.1, Bang 3.2, va Bang 3.3 so sanh gia tri
trung binh va tri s6 RMS (root mean square) cua sai
s6 cuia chuyén vi két hop v6i chuyén vi dua trén hinh
anh va chuyén vi dua trén gia toc tai ting bi hu hai
ctia 3 mo hinh thi nghiém véi cac cap dong dat khac
nhau. RMS danh gia 49 1éch chun cua sai sb du, no
dugc xac dinh la khoang cach tir gia tri sai sb t6i
duong th'fmg hoi tu cua sai s6, duge tinh toan nhu sau:

L3 (x-a)

n

RMS = (11

Trong do, @, 1a gia tri hoi tu, x 1a sai s6 cua
chuyén vi, van is 1a kich thuéc cua dit liéu sai s6. Co
thé thay rang, gia tri trung binh va tri s6 RMS cua
chuyén vi dua trén gia toc 13 rat cao khi dong dat gay
ra mg xur phi tuyén cta cong trinh (PGA = 600Gal, va
PGA = 800Gal. Gia tri trung binh 16n nhit cta sai sd
ctia chuyén vi dua trén gia toc 1a hon 26mm va gia tri
16n nhit cia trj s6 RMS tuong tmg 1a hon 28mm.
Trong khi d6 chuyén vi dua trén hinh anh cho thdy d6
chinh xac cao vuot troi hon so voi chuyén vi dua trén
gia tbc voi gid tri lon nhat ctia gia tri trung binh va trj
s6 RMS ctia sai s6 1an luot 13 2.79 mm va 3.19mm. So
sanh voi dir liéu dua trén hinh anh, gia tri trung binh
cua sai sd cua chuyén vi két hop 1a nhoé hon mét chut,
tuy nhién tri s6 RMS cua sai s6 ciia chuyén vi két hop
12 nhé hon nhiéu so véi tri s6 RMS cua chuyén vi dua
trén hinh anh.

Béng 3.1. Gia tri trung binh va tri s6 RMS ciia sai
s0 ctia dir liéu chuyeén vi tai tang 1 cia mo hinh A

Bang 3.3. Gia tri trung binh va tri s6 RMS ciia sai
s0 cua dir liéu chuyén vj tai ting 1 ctia mo6 hinh C

Mo hinh C — tang 1

Gia tri trung binh (mm) RMS (mm)
roA }gilh Gia toc[Két hop Igiﬁlh %ij Két hop
50 | 0.01 | 0.00 | -0.02 | 0.07 | 0.05| 0.05
200 | 0.05 [-0.09| 0.06 | 0.20 | 0.17 | 0.14
400 | 0.04 |-0.74| 0.07 | 0.36 | 0.83 | 0.25
600 | -0.04 | -4.95| -0.02 | 0.88 | 5.33| 045
800 | -0.08 | -19.9 | -0.19 | 1.88 |21.02| 1.14

M0 hinh A — tang 1

Gia tri trung binh RMS (mm)
PGA (mm)
Hinh GAia Keét Hinh GA,ia Két hop

anh | toc | hop anh toc :
50 | -0.03 |-0.01|-0.02 | 0.07 | 0.05 | 0.05
200 | 0.00 | 0.00 | -0.01 | 0.26 | 0.14 | 0.13
400 | -0.03 |-0.10 | -0.04 | 0.30 | 0.30 | 0.22
600 | 0.02 |-5.67| 0.05 | 0.84 | 6.10 | 0.40
800 | 0.37 |-15.8| 0.23 | 1.10 |16.70| 0.79

Bang 3.2. Gia tri trung binh va tri s6 RMS ciia sai
so cua dir liéu chuyén vi tai tang 2 ciia mé hinh B

M6 hinh B — ting 2

Gia tri trung binh (mm) RMS (mm)
PGA

| e [Séthop ' |0 Kéthop
50 | 0.01 | 0.01 | -0.01 [ 0.12 | 0.07 | 0.08
200 | -0.03 |-0.75] -0.09 | 0.25 | 0.80 | 0.14
400 | -034 | -1.4 | -035 | 0.79 | 1.76 | 0.44
600 | -1.00 |-11.8 | -1.00 | 1.68 |[12.53| 1.20
800 | -2.80 |-26.6 | -2.79 | 3.65 |[28.16| 3.19

Trong theo doi sirc khoe cong trinh (SHM), gia tri
16n nhat cua do 1éch tang 1a mot thong sb cbt 16i cho
viéc danh gia trang thai hu hai sau dong dat cua cong
trinh. Sai sb trong gia tri 16n nhat cta chuyén vi léch
tang duoc tinh toan nhu sau:

max max
=X —X

Ivdt measured

e

max_ disp

(11

Trong d6 x™ 1a gia tri chuyén vi léch tang 16n

Ivdt

nhat tham chiéu (LVDT), va x™

m o 12 gid tri chuyén
vi léch ting 16n nhat dugce do b(n cac phuong phap
trong nghién ctru. Hinh 12 so sanh sai s6 cua gia tri
16n nhét ctia chuyén vi léch tang tai cac téng clla mo
hinh A trong qua trinh thi nghiém dong dat voi cuong
d6 PGA = 800Gal. C6 thé thay rd rang sai s6 trong gia
tri 16n nhét cua chuyen vi 1éch tang tai tang hu hai cia
dir lidu chuyén vi két hop 1a nho hon 2mm, tuong
duong voi khoang 0.2% ty sO 1éch tang. Trong khi do
chuyen vi dua trén hinh dnh c6 khoang sai s0 tir 2mm
dén 8mm (twong ung voi khoang 0.2% den 0.8% ty sb
léch tang). Sai s6 trong chuyén vi 1éch tang 16n nhat
cua dit liéu chuyen vi dya trén gia toc phu thudc vao
mg xir ctia két cau cong trinh. Khi tmg xir ciia cong
trinh la tuyén tinh, sai sd cua dit liéu chuyén vi dua
trén gia toc 1a twong dwong véi dit liéu chuyén vi két
hop. Tuy nhién, sai s6 ¢o thé rat 16n vuot qua 20mm
khi mg xir ciia cong trinh 13 phi tuyén.

AFusion method

@ Vision-based measurement M Acceleration-based

ERRORS (MM)
4

05 Jﬁ @
. | A
0 200 400 600 800
PGA (GAL)

(a)
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@ Vision-based measurement M Acceleration-based A Fusion method

P P " L

0 200 400 600 800
PGA (GAL)

(b)

Hinh12. So sanh sai s6 chuyén vi léch
tang 16n nhat cia mo hinh A trong thi nghiém
v6i dong dat PGA = 800gal
(a) ting khong bi hu hai; (b) ting bj hu hai

Mot phan tich khac vé sai s6 ciia chuyén vi két hop,
Hinh 13 so sanh sy twong quan giita dit liéu chuyén vi
tham chiéu (LVDT) va cac dir liéu chuyén vi tir cac
phuong phap khac trong qué trinh thi nghiém dong dat
voi cuong dd PGA = 200Gal va PGA = 800Gal. Biéu
d6 twong quan cho thiy rang phuong phéap két hop tao
ra két qua co6 do chinh xac cao so sanh véi phuong
phap do chuyen vi dya trén hinh anh va phuong phap
do chuyén vi dya trén gia tbc don thuan.

2

15

1
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o

-0.5 .
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measurement
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a .
L5 -
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(b)

Hinh 13. Tuong quan giita cac dit liéu chuyén vi
so v6i tham chicu: (a) md hinh A thi nghi¢m véi
dong dat co PGA = 200gal; (b) m6 hinh A thi nghiém
voi dong dat co PGA = 800gal
4.2. Két qua danh gia nhanh hw hai céng trinh sau
dong dat
Béng 4.1 trinh bay két qua danh gia nhanh trang
thai ciia md hinh A sau cac cap do khac nhau cuia thi
nghiém dong dat, trong do R, 1a ty 1€ do cing du;

A" 1a ty sb léch tang 16n nhét; va A™ 1a ty sb

drift
chuyén vi léch cta cong trinh. Sau thi nghiém dong
dat voi cudng dd PGA = 50Gal va PGA = 200Gal, do
clig ciia két cAu cong trinh 1a gan nhu khong doi va
khong xuat hién chuyén vi du. Ty s chuyén vi léch
tang va chuyén vi léch cua cong trinh 1a r4 nho, nho
hon 0.12%. Do d6 két ciu duoc danh gia 1a “Khong co
hu hai”. Tuy nhién, d§ ciing cta két cAu mo hinh A
giam xubng con 60% sau thi nghiém dong dat véi PGA
=400Gal cung v6i chuyén vi du dat 0.8mm. Tuy vay, ty
s0 chuyén vi léch tang chi khoang 0.27%, do vay két
cAu van dugc danh gia 1a “Khéng c¢6 hu hai”. Véi thi
nghiém dong dét c6 PGA = 600Gal, do ctiing con lai cua
két chu mé hinh A 1 hon 60% cling véi chuyén vi du 1a
6.9mm. Ty s6 chuyén vi léch tang vugt qua 2%, do d6
két cAdu mo6 hinh A dugc danh gia 13 “Hu hai nghiém
trong” sau thi nghiém dong dat voi PGA = 600Gal. Do
ctmg cuia md hinh A udc tinh con 35% sau thi nghiém
dong dit véi PGA = 800Gal voi chuyén vi du la
24.3mm. Ty sb chuyén vi 1éch ting va ty s6 chuyén vi
léch ctia cong trinh 1an luot 14 5.5% va 0.68%, do d6 két
ciu A dugc danh gia la “Hu hai hoan toan”.

Két qua danh gia ciia két cdu mo hinh C duoc
trinh bay trong Bang 4.2 cho thay két qua gin nhu
tuong tu voi két qua cua két cAu mé hinh A, mit khac
két qua ciia két cdu mo hinh V duoc trinh bay trong
Béng 4.3 cho thdy mot vai diém khac. Sau thi nghiém
voi cuong do dong dat PGA = 200Gal, do cung cua
két ciu mo hinh B giam 13 rét con hon 60% cing véi
chuyén vi du 12 0.8mm. Trang thai hu hai ciia mé hinh
B sau PGA = 200Gal dong dit duoc danh gia 1a “Hu
hai nhe” véi gia tri cua ty s6 chuyén vi 1éch tang va ty
s6 chuyén vi léch cong trinh 1an luot 13 0.36% va 0.1.
Sau thi nghiém véi PGA = 400Gal dong dat, do cung
cia két ciu con lai hon 40% va chuyén vi du dat
1.5mm. Két cau duge danh gia la “Hu hai nghiém
trong” véi ty s6 chuyen vi 1éch ting va ty s6 chuyen vi
léch cong trinh lan luot 12 2.01% va 0.42. Két cdu mod
hinh B dugc danh gia 1a “Hu hai hoan toan” sau thi
nghiém dong dat cd cuong do PGA = 800Gal vdi ty
sO chuyén vi 1éch tang dat hon 8%. So sanh voi danh
gia khao sat, két qua danh gia trang thai hu hai cta
cong trinh cta ca ba md hinh thi nghiém la hoan toan
hop 1y va phu hgp.

Ngoai ra, két qua danh gia trang thai hu hai cia
cong trinh st dung di li¢u chuyén vi dua trén hinh anh
ciing cho két qua tuong tu so voi két qua sir dung dit
liéu chuyén vi két hop. Tuy nhién, anh huéng cua sy
thiéu song chuyén vi tan s6 cao cua dir liéu chuyén vi
dya trén hinh anh dan dén viéc khong thé danh gia sy
suy giam vé do cimg cua cong trinh sau dong dat. St
dung dir liéu chuyén vi dya trén gia tdc 6 thé dem lai
két qua vé do suy giam do ctng ciia cong trinh co do
tin cdy cao. Tuy viy, khi xudt hién chuyén vi du, két
qua danh gia trang thai hu hai cua cong trinh 1a khong
chinh xac (xem Bang 4.1, Bang 4.2, va Bang 4.3).
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Bang 4.1. Két qua danh gia sau dong dit cia két cAu md hinh A

Chuyén vi két hop Cap hu hgl dsu: du{lg chuyén
o7 | PGA Vi dya tren Dénh gia
(Gal) | d, R, Al A . , L tham chiéu
Cap hu hai Hinh anh Gia toc
(mm) | (%) (%) (%)
50 0.1 100% | 0.03% | 0.03% Khong Khong Khong Khong
2 200 0.7 99% | 0.12% | 0.11% Khoéng Khoéng Khoéng Khong
400 0.8 61% | 0.27% | 0.22% Khong Khong Khong Khong
4 | 600 | 69 | 67% | 2.86% | 0.68% | Nghiém trong | ehiem Nghiém Nghiém
trong trong trong
5 800 | 243 36% | 5.50% | 1.25% Hoan toan Hoan toan Hoan toan Hoan toan
Biang 4.2. Két qua danh gia sau dong dit cia két cAu mé hinh B
Chuyén vi két hop Cap hu hgl dsu dng chuyén
o7 | PGA Vi dya tren Dénh gia
(Gal) | d. R, Al A" . _ ‘ o tham chiéu
Cap hu hai Hinh anh Gia toc
(mm) | (%) (%) (%)
1 50 0.0 | 100% 0.06% | 0.03% Khong Khong Khong Khong
2 200 | 0.8 66% 0.36% | 0.10% Nhe Nhe Nhe Nhe
3| 400 | 15 | 44% | 201% | 0420 | Nehiém | Nghiem L o pign | Nehiem
trong trong trong
4 | 600 | 13.9 | 19% | 4.4d% |0920 | Neghiém | Nghiém Nghiém Nghiém
trong trong trong trong
5 | 800 | 39.9 | 12% | 8.04% |1.52% | Hoantoan | Hoan toan I\Itfgzgm Hoan toan
Bang 4.3. Két qua danh gia sau dong dét ciia két cAu md hinh C
Chuyén vi két hop Cap h}u h@.u Su duflg
PGA chuyén vi dya trén Pénh gia
T @Gan | o [ & [ ag [a~ ] o " | thamechiéu
‘ Cap hu hai Hinh anh Gia toc
(mm) | (%) | (%) (%)
50 0.5 | 100% | 0.04% | 0.03% Khoéng Khoéng Khong Khong
2 200 | 0.7 | 80% | 0.16% | 0.12% Khong Khong Khong Khong
400 1.7 | 69% | 0.44% | 0.23% Nhe Nhe Nhe Nhe
4 600 71 Nghiém Nghiém Nghiém Nghiém
’ 68% | 2.85% | 0.63% trong trong trong trong
Nghiém
> 800 1 29.0 32% | 5.94% | 1.22% Hoan toan Hoan toan trong Hoan toan
5. KET LUAN

Nghién ctru nay cho thiy tinh kha thi va phu hop
cua phuong phap danh gia nhanh hu hai ctia cong
trinh sau dong dat s dung dit liéu chuyén vi két hop
gitra chuyén vi dua trén hinh anh va chuyén vi dua
trén gia toc va dir liéu gia toc. Thi nghiém ban rung
mod phong dong d4t da duoc thuc hién v6i 3 md hinh
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két cau thép khac nhau dé kié chimg d chinh xac va
tinh kha thi cia phuong phap két hop ciing nhu
phuong phap danh gia nhanh hu hai cong trinh sau
dong dat.

Nghién ctru nay ching minh ring phuong phap
két hop c6 thé dua ra két qua tmg xtr chuyén vi cuia
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mot cong trinh thyc trong qué trinh xdy ra dong dat
v&i dd chinh xac cao khi két hop dir li¢u chuyén Vi
dua trén hinh anh va dir liéu chuyén vi dya trén gia
tde. Gia tri trung binh va tri s6 RMS 16n nhit cua sai
s6 cua chuyén vi két hop lan luot 1a -2.79mm va
3.19mm duoc ghi nhén trong thi nghi€ém voi
PGA = 800Gal dong dit va két cdu mé hinh duoc danh
gia 1a “Hu hai hoan toan”. V&i nhiing thi nghiém voi
cuong do dong d4t nho hon (PGA < 800Gal), gia tri lon
nhit cta gia tri trung binh cua sai s6 cua chuyén vi két
hop 13 -1.0 mm, va tri s6 RMS 16n nhét tuong tng 14 1.2
mm. Nhing han ché ciia Cross-correlation do sy khong
on dinh vé téc do ghi hinh cua camera giam sat thong
thuong va su khong hoan hao ciia duong cong chuyén
ctia Butterworth filter c6 thé 1a nguyén nhan co ban lam
tang sai s6 ctia phuong phap két hop.

Theo nhu két qua ctua phuong phap két hop,
khoang t6i wu cua tan sb cét 1a tr 0.3Hz dén 1.7Hz.
Tuy nhién gia tri nay chi phu hop v6i hé théng theo
déi stc khde cong trinh SHM trong nghién ciru nay,
hé thong su dung camera giam sat thong thuong va
thiét bi do gia tbc accelerometer. V&i nhitng nghién
ctru khac, can thiét phai dua ra phuong phap phu hop
de xac dinh gia tri pht hop clia tan sd cit, gia tri tan so
cit dua ra trong nghién ciru nay c6 thé dugc sir dung
nhu mot gia tri tham khao.

Trang thai hu hai cta cong trinh da duoc danh gia
dua trén ty s6 chuyén vi 1éch tang 16n nhat (tai tang bi
hu hai). Két qua danh gia 13 hoan toan phu hop véi
nhitng danh gia quan sat dugc. Ca ba két cau mo hinh
duoc danh gia 1a “Hu hai hoan toan” sau thi nghi¢m
dong dat véi PGA = 800Gal. Bén canh d6, do cung
cua két ciu B da giam dot ngdt s6 sanh véi két cau A
va két cdu C, chuyén vi du ctia két ciu B ciing 16n hon
13 rét so v6i két cdu A va C. Nguyén nhan c6 thé do
su khac nhau vé vi tri hu hai. Vi tri hu hai cua két cdu
B 14 tdng 2 cua thap cao hon ciia mé hinh, trong khi
v6i két cdu A va C 1a tang 1, noi c6 d6 cung 16n hon
rat nhiéu so v6i ting 2.

Kha ning tng dung ctia phuong phap két hop dé
lam ting d6 chinh xac cua phuong phap do chuyén vi
dua trén hinh anh cho thay co hoi ciia viéc (mg dung
phuong phip do chuyén vi dua trén hinh anh trong
theo doi va danh gia stc khde cuia cac cong trinh thuc.

Phuong phap danh gia da dwoc trinh bay c6 thé
thay 1a mot phuong phap ddy hua hen va kha thi cho
viéc danh gia trang thai cia cong trinh thyc nhanh
ngay sau dong dt.
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PUA TIEU CHUAN THIET KE VIET NAM VAO ETABS 2017
(Intergration of the Vietnam design standards into ETABS 2017)

Nguyén Hong Ha, Nguyén Pai Minh, Nguyén Manh Cudong, Nguyén Hoang Duong'
Luong Thanh Hung?, Fasail Habib’
'IBST, *CIC, °CSI - CA, USA

TOM TAT: Bai béo nay trinh bay viéc dua TCVN vao trong phan mém ETABS ctua My dé co thé st dung hiéu qua ¢ Viét
Nam. Bai béo ciing gi¢i thiéu cac tinh ning méi ciia phan mém ETABS 2017 ¢6 chira modul thiét ké theo hé thong TCVN
dé céc k¥ su va nguoi sir dung trong nudc thé ap dung trong thuc hanh thiét ke Day 14 két qua ciia nhiém vu khoa hoc cong
nghé do Bo Xy dung giao nhim ting bude dua cac TCVN vao cac phan mém thuong mai, gop phan nang cao ning suét
va chat lugng trong cong tac thiét ké va tham tra thiét ké, dap ing nhu ciu thyc tién va dan tiép can véi cach mang 4.0 cua
nganh Xay dung.

TU KHOA: ETABS, TCVN, nha cao ting .

ABTRACT: This paper presents the intergration of Vietnam standards into ETABS for effectively use in analysis and
design of high-rise buildings in our country. New features of the ETABS 2017 are also introduced, especialy the modul
incoporating the Vietnamese design codes and standards. This integration is the results of the research works, asked and
granted by MoC, have been conducted by IBST. The research works are planned to gradually intergrate most to all
Vietnamese codes and standards into commercial softwares, in order to contribute increase productivity and quality of

design and design review works, approaching the Industry revolution 4.0 in the field of civil & construction engineering.

KEY WORDS: ETABS, TCVN, Tall buildings.

1. PAT VAN DE

Phan mém ETABS duoc phat trién boi cong ty
CSI (Computers and Structures, Inc. Berkeley,
California, USA) 1a phin mém chuyén dung phan tich
va thiét ké két ciu nha cao ting. R4t nhidu dy an 16n &
trong va ngoai nudc da dugce thiét ké str dung phan
mém nay, vi du nhu to hop khach san Marina Sandy
Bay Hotel - Singapore, thap Burj Khalifa Tower -
Dubai, trung tim tai chinh Taipei 101 - Dai Béc, toa
nha Kim Méu Dai 1du — Thuong Hai, t6 hop Ha Noi
Keang Nam Landmark Towers (49 va 72 tang) v.v.
Hién nay, ETABS di tich hop nhiéu hé théng tiéu
chuan thiét ké cia My nhu UBC, IBC, ACI, ASCE,
tiéu chuan Chau Au, Trung Qudc va cac nudc khac
[1]. Tuy nhién, trong module thiét ké cia ETABS
chua c6 hé théng tidu chuan Viét Nam (TCVN), nén
viéc ap dung trong thiét ké két cau con nhiing han ché
nhat dinh nhu chua tu dong tinh toan tai trong gio,
dong dat, t6 hop tai trong va khong thuc hién duoc
viéc thiét ké cu kién theo TCVN. Do vay, viéc tich
hop TCVN vao ETABS c6 ¥ nghia 16n trong thiét ké
két ciu cao tang, voi mot sb vu diém sau: (1) khai bao
thang cac s6 lidu dau vao nhu gié, dong dat va t6 hop
tai trong theo TCVN, (2) truc tiép thiét ké cu kién
theo TCVN khéng can sir dung ban tinh ngoai dé thiét
ké cau kién, (3) nhanh va hiu qua (dung, do ETABS
da truc tiép tinh toan theo TCVN), £0p phan han ché
su khong théng nhat giita cac tu van ddi véi cac két

qua tinh cdu kién, diéu dé xay ra khi cac tu van sir
dung cac ban tinh khac nhau.

Viéc tich hgp TCVN vao ETABS dugc thuc hién
dua trén sy phéi hop gitia IBST, CIC va cong ty CSi —
My thong qua nhiém vu KHCN do Bo Xay dung giao.
Trong do, IBST chuin bj cac thuét toan theo TCVN,
CIC va CSI-M¥ phdi hop kiém tra thuat toan va lap
trinh tich hop vao ETABS, IBST kiém tra cac két qua
dau ra cua phan mém. Hién tai, viéc dwa TCVN vio
phién ban ETABS V 2017 da thyc hién xong, dé chay
thir ndi bo dé sira chira cac 161, da klem tra voi nhleu
vi du tinh toan. Du ¢6 rit nhiéu ¢ ging nhung vin co
thé xudt hién cac 16i, vudng mic va kién nghi khi st
dung phin mém trong thuc té. Nhitng didu nay s&
dugc IBST, CIC va CSI tiép thu, nghién ctu hoan
thién dé nang cao hiéu qua st dung ciia phan mém.
Chi tiét vé viéc dua TCVN vao ETABS duoc trinh
bay trong tai li€u [2].

Bai bao nay gidi thi€u cac tinh ndng mdi nay cua
ETABS dén nguoi sir dung trong nudc.

2. TICH HQP TIEU CHUAN VIET NAM
2.1. Khai bio diu vao theo TCVN

2.1.1. Khai bdo vit liéu theo TCVN

Céc thong sb vé vat lidu (bé tong, cdt thép) theo
tiéu chuan Viét Nam da duoc dua vao thu vién vat
liéu cua phan mém, nguoi st dung co thé lya chon
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tryc tiép trén thanh cong cu chuong trinh (xem Hinh 1
va 2).

| 43 Add New Material Property X

Region Vietnam il

Matenal Type Conerete v

Standard TCVN 5574:2012 A

Grade B20 ~

oK Cancel

Hinh 1: Khai bao vat li¢u bé tong theo TCVN

| 43 Add New Material Property X

Region Vietnam il

Matenal Type Rebar v

Standard

TCVN 5574:2012 ~

Grade

Hinh 2: Khai bao vat liéu cbt thép theo TCVN

Chuong trinh cho phép nguoi st dung khai bao
bé tong tir cap B3.5 dén B60, ching loai cbt thép bao
gdbm CB240-T, CB300T-T, CB300-V, CB400-V va
CB-500V hoic cac loai cot thép khac (vao truc tiép
thong qua tri sb fy va hé s6 d6 tin cay veé vat lidu (an
toan ri€éng) trong TCVN 5574:2012). Cac dac trung co
ly ciia bé tong va cbt thép s& dugc tu dong dién vao
muc lién quan.

2.1.2. Khai bdo tdi trong gio theo TCVN

Théng s6 dau vao tur dong tinh toan tai trong gio theo
TCVN 2737:1995 [3] bao gom 5 nhom s6 liéu sau:

1. Pinh nghia vé dién don gidé (Exposure and
Pressure Coefficient);

2. Hudng gi6 va hé sé khi dong (Wind Exposure
Parameters);

3. Chiéu cao don gi6 (Exposure Height);

4. Cac tham sb vé gié (Wind Coefficients);

5. Cac tham sb tinh toan tai trong gié dong
(Dynamic Pressure Parametters).

Céc thong s duoc minh hoa & Hinh 3.

Céc thong s trong 3 nhom sé liéu dau tién la
thong dung véi moi tiéu chuan. Riéng doi véi nhom
s0 liéu thir 4 va thir 5 1a nhoém s6 liéu phu thude vao
tiéu chuan dugc chon.

Dién dén gi6 ding dé tu dong tinh toan tai trong gio
¢6 thé duoc xac dinh theo dudng bao cua tAm clng

(diaphragms) hoic theo cac dbi tuong dang mit (area
objects), vi du nhu mat dung ngoai, tuong, mai, ....

|4 Wind Load Pattern - TCN 2737: 1965 %

B <
Modiy/Show
Dynamc Coficent ot
Pulse Pressure Factor, zetal)
ke B Spatial Correlation Factor, v
® Program Calcuiated
O User Defined
Exposure Height
Top Story B
Battom Story Bose
O nciude Parapet

Hinh 3: Khai béo tai trong gi6 theo TCVN

Hudng gié dugce chi dinh thong qua goc tac dung,
tinh bang do (degree). Goc 0° c6 nghia gid thdi theo
hudng duong cuia truc X ctia hé toa do téng quat; goéc
90° ¢6 nghia gid thdi theo hudéng dwong cua truc Y
cua hé toa do téng quat. Nguoi st dung c6 thé nhap
huéng gi6 bat ky, phuong cua hudng gi6 (goc tac
dung) duoc tinh theo chiéu nguoc chidu kim ddng hod
tinh tir huéng duong cua truc X.

Pham vi tac dung cua tai trong gié theo chiéu cao
dugc xac dinh dya vao cac thong s6 v€ cao do cua
tang trén cung va cao do cua tang dudi cung.

Gia tri cta tai trong gi6 dugc chuong trinh tinh
toén theo cac cong thirc sau:

w(z)=w,(2)+w,(2) (M

w, (z)=w, xk(z)xc ()

z
Wp(z):l.4x;x§x[wm(h)é'(h)v] 3)

trong do:

w, (z)1a thanh phan tinh cua tai trong gi6 (goi tat
1a ap luc gio tinh) tai cao d6 z;

w, (z) 1a thanh phan dong cla tai trong gid (goi tat
1a ap luc gio6 dong) tai cao do z;

w, 1a 4p luc gio co ban;

k(z) 1a hé sb ap lyc tai cao 496 z;

¢ 1a hé s khi dong;

z 1a cao d9¢ xac dinh tai trong gio;

h 1a chiéu cao cong trinh;

£1a hé sd dong luc;

w,, (h) 1a ép lyc gio6 tinh tai dinh cong trinh;

¢ (h)1a hé sé ap luc dong tai dinh cong trinh;

v 1a hé sb twong quan khong gian ap lyc dong cua
tai trong gio.
2.1.3. Khai bdo dpng dit theo TCVN

Thong sb dau vao ,dé chuong trinh ty dong tinh
toan tai trong dong dat theo TCVN 9386:2012 [4]
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(phuong phap phén tich tinh lyc ngang twong duong)
bao gom 4 nhém s6 li€u sau:

1. S6 ligu vé hudng va do léch tam;

2. S6 liéu vé chu ky dao dong riéng ciia cong trinh;

3. Sé liéu vé pham vi tic dung cua tai trong
dong dat;

4. Céc tham sd vé dong dét tai dia diém xay dung
theo TCVN 9386:2012.

Céc thong sb dugce minh hoa & Hinh 4.

|43 Seismic Load Pattern - TCVN 9386:2012 X

Direction and Eccertricity Parameters

¥ Dir

0
r + Eccentrcty ¥ Dir + Ecoertricty B e 04
X Dir - Eccentricity ¥ Dir - Eccentricity Ground Type B v
Soil Factor, S 12
Ecc. Ratio (Al Diaph.) 0.05 ]
Spectum Period, Tb 015
Overwite Eccentricities Ovenws
b Spectrum Period, Te 05
e ra Spectum Period, Td 2
0 Asoriinnts Lower Bound Factor. Beta 02
@® Program Caleulated 2
O User Defined L

Story Range
Top Story SE0 A
Bottom Story Base ~

oK Cancel

Hinh 4: Khai bao tai trong dong dit theo TCVN

Khéi luong dung dé tinh toan tai trong dong dat
duoc xac dinh thong qua khai bao cia nguoi sir dung
thong qua 1énh Define -> Mass Source.

Pho thiét ké khi tinh dong dat dugc khai bao nhu
hop thoai dudi day (Hinh 5):

|43 TCUN 9386:2012 Function Definition X

Convettto User Defined

Hinh 5: Khai bao pho phan tng theo TCVN

Phd phan tng dan hdi Si(T) theo phuong ngang
dugc xac dinh theo cac cong thire sau:

0<T<T,:S.(T)= agS{l+Tl(77X2~5—1)} “4)

B

T,<T<T,:S,(T)=a,Sn2.5 )

T.<T<T,:S,(T)=a,Sn2.5 {%} (6)

T,<T<4s:5,(T)= aSnZS{TTT} (7)

trong do:
So(T) Pho phan tng dan hoi;

T Chu ky dao dong cia hé tuyén tinh mot béc
tu do;

a, Gia toc nén thiét ké trén nén loai A;

T Gi61 han dudi cua chu ky, ing voi doan nam
ngang ctia phd phan tng gia toc;

Tc Gi61 han trén cua chu ky, Gmg véi doan nam
ngang ctia phd phan tng gia toc;

Tp Gia tri xac dinh dl@m bét c’[ﬁuﬁ ctia phan phan
ung dich chuyén khéng doi trong pho phan tng;

S Hé sO nén;

n He sd diéu chinh d¢ can véi gia tri tham chiéu 7

=1 d0i voi d6 can nhdt 5%.

~ Pho thiét ké dugc xéc dinh bing cach dua vao hé
sO ung xu ¢, xét dén kha nang tiéu tan nang luong.
Gia tri g phu th}l(f)c vao loai hé két cau va tinh déu dan
cua no theo chiéu dung.

) Chuong trinh cho phép tinh toan tai trong dong
dat theo phuong phap tinh lyc ngang twong duong va
phuong phap phan tich phd phan tng dang dao dong.

Lyc cit day theo phuong ngang va phan bd theo
chi€u cao cac tang theo cong thuc duoi day:

Fo=8;(T)).m.\ ®)
s,m,
=hs—— 9)
Zsjmj
trong do:
F, luc cit day;

Sy (Ty) tung do ctia pho thiét ké tai chu ky T};

T, Chu ky dao dong co ban ctia nha do chuyén dong
ngang theo phuong dang xét;

m Téng khdi lugng;

% Hg s6 hiéu chinh, lay nhu sau: % = 0,85 néu
T1<2 Tcvéinha cé trén 2 tang hodc A = 1,0 vai cac
truong hop khac.

F; lyc ngang tac dung tai ting tht i;

Si, Sj lan luot 1a chuyén vi cua cac khoi luong m; ,
m; trong dang dao dong co ban;

mi, m; khéi luong cia cac tang.

. Khi phéan tich theo phuong phap phé phan tng,
can cht y cac ndi dung sau:

Xét t6i phan Gmg cua tt ca cac dang dao dong gop
phan dang ké vao phan tmg tong thé cta nha. biéu nay

dat duoc khi thoéa min cac diéu kién (1) tong cac khbi
lugng hiru hi€u cua cac dang dao dong dugc xét chiém it
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nhét 90% téng khé)i lugng cua ké céu, hodc (2) cac dang
dao d@ng ¢6 khoi lugng hitu hiéu 16n hon 5% tong khoi
luwong déu da dugc xem xét.

Khi t6 hop cac dang dao dong, co thé sir dung cac
phuong phap: (1) SRSS, néu tat ca cac dang dao dong
c@t thiét dugc xem 1a ddc 1ap voi nhau, hoic (2) CQC,
néu diéu kién trén khong thda man.

2.2. Thiét ké cdu kién theo TCVN
2.2.1. Té hop tii trong theo TCVN

T hop tai trong dugc thuc hién theo tiéu chuén
TCVN 2737:1995 va TCVN 9386:2012. Mac du vay,
gia trj ctia cac hé sd do tin cdy va hé sb to hop theo
tiéu chudn dugc xac dinh kha phuc tap. Gia tri mac
dinh trong phan mém nhu sau:

Ymax hé s6 d0 tin cdy cua tinh tai trong truong hop
tinh tai 16n nhat 1a nguy hiém, TCVN 2737:1995 quy
dinh rat nhidu gia tri khac nhau (1,05 v&i két cdu thép,
1,2 v6i két cau bé tong, 1,3 v6i vira trat hoan thién &
cong trudng...), mic dinh 1a 1,2;

Ymin hé s6 d0 tin cdy cua tinh tai trong trudng hop
tinh tai nho nhat la nguy hiém, mac dinh 1a 0,9;

Wo: hé s6 do tin cdy cho tai trong tam thoi (hoat
tai hoac gid) khi to hop chi c6 mdt loai tai trong; véi
tai trong gi6 hé sb do tin cdy duoc liy tng vé6i chu ly
lap 1a 50 nam (h¢ s6 do tin cay la 1,2); voi hoat tai deé
XuAt léy mac dinh 1a 1,3;

Wo,: HE sb to hop cho tai trong tam thoi (hoat tai
hodc gio) khi to hop c6 ca hai loai tai trong nay. H¢ so
Yy, duoc xac dinh bang ¥, ,*0,9;

W,: HE s6 td hop ctia hoat tai trong t6 hop dong dét.
Theo TCVN 9386:2012 xac dinh gia tri nay rat phuc tap
nén dé don gian hoa s€ lay chung gia tri 1a 0,3;

Hé sb y,: Hé sb t6 hop cho tai trong do dong dat.
Tai trong giéng dat 1a tai trong déc biét nén hé sb Ya
duogc lay bang 1,0.

2.2.2. Thiét ké két ciu, cdu kién theo TCVN

Thiét ké cau kién dam va cOt dugc thuc hién theo
tiéu chuan Viét Nam TCVN 5574:2012 [5]. Riéng ddi
vé6i viée thiét ké vach/15i bé tong cdt thép, do hién tai
TCVN khong c6 chi din cu thé, nén chuong trinh tam
thoi thuc hién viéc thiét ké dua theo tiéu chudn ACI
318-08 [6].

Dam bé tong cbt thép dugc chuong trinh tinh toan
va dua ra két qua dién tich cdt thép yéu cau chiu uon
chiu cat dua trén gid tri ndi lyc mé men ubn, lyc cit,
mo men xodn. Cét thép yéu cau dugc tinh toan tai cac
vi tri kiém tra (thiét ké) do nguoi st dung lya chon
doc theo chiéu dai nhip dam.

Thiét ké dim chiu uén dua trén cac gia thiét sau:

- B6 qua kha nang chiu kéo ctia bé tong;

- Kha ning chiu nén cta bé tong 1a ung suét, lay
bang Ry, dugc phan bo déu trén vung chiu nén;

- Bién dang (img suét) trong cdt thép duoc xac dinh
phu thudc vao chicu cao viing chiu nén cuia bé tong va co6
x¢ét dén bién dang (Ging suat) do tng luc trudc;

- Ung suét kéo trong cbt thép dugc liy khong 16n
hon cuong do chiu kéo tinh toan Ry;

- Ung suét nén trong cbt thép duge ldy khong 16n
hon cuong do chiu nén tinh toan R..

Tinh toan dim chiu cit dugc thuc hién véi céac
tinh toan sau:

- Lyc cét trén dai nghiéng gitta cac vét nurt xién;

- Luc cit trén vét nit xién;

- Luc cit trén dai nghiéng chiu nén giita vi tri dat
tai trong va goi tya (d6i vdoi cong x6n ngan cia cot);

- M6 men ubn trén vét nirt xién.

Tinh toan thiét ké cot dugc thyc hién theo quy
trinh tinh toan cot bé tong cdt thép dua trén tiéu chuan
Nga SP 63.13330.2012 [7], 14 tiéu chuén co so cia du
thao TCVN 5574-2017 [8]. Cot dugc xét theo hai
trang thai chiu lyc: dang tam (chi c6 luc doc) va 1éch
tam (lyc doc va mo men).

Ddi voi vach 16i, tiéu chudn Viét Nam chua co chi
dan cu thé. Do vay, thiét ké vach 161 va dam noi vach
dugc thuc hién theo phuong phap cua ACI 318. Vach
dugc tinh toan chiu nén-uén va chiu cit, dam ndi vach
duoc thiét ké chju udn va cit. Phan tir bién cua vach
dugc tinh toan thiet k& khi ting xuat bién vach 16n hon
0.2f', tmg vdi cac to hop tai trong c6 dong dat (tat
nhién gia tri £’ phai dugc chuyén twong tmg tir cap do
bén bé tong B).

Bén canh céc tinh toan vé cuong do theo ndi luc
thiét ke, cac yéu cau cau tao theo tiéu chuan cling
dugc tuan thu. Cau tao cua cau kién dam va cot tuan
thu theo tiéu chuan Viét Nam, cau tao vach, 101 theo
tiéu chuan ACI 318.

2.3. Kiém tra tinh diing din ciia chwong trinh

IBST cung véi CSI da kiém tra sy chinh xéc, tinh
todn cua chuong trinh trong ting budc thuc hién
nhiém vu thong qua viéc ra soat thudt toan, cac cong
thirc tinh toan, thong nhét trudc khi 1ap trinh. Kiém tra
ting budc cac két qua ra, so sanh voi cac tinh toan
bang tay, phat hién cac 15i, chinh stra. Dén thoi diém
hién nay, théng qua kiém tra ndi bo thi phan tinh toan
tai trong giod, tai trong dong dat, to hop tai trong, thiét
ké dam, cot va vach cung theo TCVN da duoc phﬁn
mém thuc hién ding so voi cac két qua tinh toan bang
tay truyén thong. Chi tiét vé cac ndi dung nay cé thé
xem trong tai liéu [2]. Phan mém ETABS tich hop
TCVN c6 thé ap dung duogc trong thuc té thiét ké nha
cao tang & nudc ta.
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3. KET LUAN

Thuc hién nhiém vy KHCN Tich hop cac tiéu
chudn Viét Nam vdo phan mém phdn tich két ciu nha
cao tang ETABS, Vién KHCN Xay dung (IBST) va
Cong ty CP Tin hoc va Tu van Xay dung (CIC) da két
hop vé6i dbi tac My (cong ty CSI) hoan thanh nhiing
ndi dung va muc tiéu dé ra va tich hop vao phin mém
ETABS, cu thé nhu sau:

- Xay dyng quy trinh tinh toan tai trong gié tinh va
gi6 dong, tac dong dong dat theo TCVN;

- X4y dung cac t6 hop tai trong va duong bao td
hop luc theo TCVN;

- Tap hop dit liéu vé cip do bén, mac bé tong; giGi
han chay, gi6i han bén ciia cac loai cot thep sir dung &
Viét Nam dua vao thu vién vét liéu ciia phan mém;

- Lap cac thuat toan thiét ké dam, cot theo tiéu
chuan Viét Nam;

- Lap céc thuat toan thiét ké két cAu 15i vach dua
theo tiéu chuan ACI 318-08 cua My vdi viéc chuyén
d6i cuong do vat liéu bé tong, cot thép tir ti€u chuan
Viét Nam sang ti€u chuan My;

- Lap cac vi du tinh toan kiém chimg;

Chuyen d6i két qua phan tich két xuat tir phan
mém ra tiéng Viét;

- Lap trinh tich hop cac ndi dung néu trén vao
trong phién ban ETABS 2017.

Ngoai ra, trong thoi gian thyc hién nhiém vu
KHCN da dao tao va nang cao nang luc ctia can bd

trong linh vuc thiét ké két cu nha cao tang, ning cao
kha nang hop tdc quoc t€ cua phia Viét Nam trong
linh vuc nay.

Xin cam on B§ Xay dyng da tai tro, cap kinh phi
va tao dicu kién cho nhiém vy KHCN nay thuc hién
va hoan thanh.
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ABSTRACT: Un-bonded fiber reinforced elastomeric isolator (U-FREI) is an improved device for seismic mitigation of
low-rise and medium-rise buildings. It is expected to reduce the cost, weight and provide easier installation in comparison
with the conventional steel reinforced elastomeric isolator (SREI) which consists of elastomeric layers interleaved with
steel plate as reinforcement. Fiber reinforced elastomeric isolators (FREIs) can be made using layers of elastomer, bonded
with thin layers of bi-directional fiber fabric as reinforcement. Further, no steel end plates are required and the FREIs are
simply placed at the interface between substructure and superstructure without any connection. This paper presents
laboratory tests and finite element (FE) analysis of prototype U-FREIs subjected to a constant vertical load and cyclic
horizontal displacement for the evaluation of their mechanical properties including of effective horizontal stiffness and
equivalent viscous damping. It is observed that the effective horizontal stiffness of U-FREI decreases while the equivalent
viscous damping increases with the increase in horizontal displacement due to rollover deformation. Good agreement is
observed between the findings from experiment and FE analysis.

KEYWORDS: Base isolator, prototype fiber reinforced elastomeric isolator, un-bonded isolator, cyclic test, effective

horizontal stiffness.

1. INTRODUCTION

Seismic base isolation is a well-known earthquake
mitigation technique, where a layer of low horizontal
stiffness is introduced between the substructure and
superstructure. As a result, the natural period of
vibration of the structure changes beyond the high-
energy period range of earthquakes, and hence the
seismic energy transferred to the structure is
significantly reduced. Base isolations are mainly of
two types: Sliding bearings and laminated elastomeric
bearings. Conventionally, steel reinforced elastomeric
isolator (SREI) consists of interleaving multilayer of
elastomer with steel shims as reinforcement sheets
and two end steel plates in top and bottom. In general,
SREI is often applied for large and important
buildings in developed countries such as United
States, Japan, New Zealand, Italy, etc but no widely
used for ordinary low-rise and medium-rise buildings.
SREI can be replaced by fiber reinforced elastomeric
isolator (FREI) in an effort to reduce the weight, cost
and easily installation. FREI was suggested the first
time by Kelly [1] with similar components of SREI in
which steel shims are replaced by fiber fabric, and
thus reduce the weight of isolator. A significant effort
to improve FREI is the suggestion of an un-bonded
fiber reinforced seismic isolator (U-FREI). Isolator is
removed two end steel plates and installed directly
between the substructure and superstructure without
any connection to these boundaries. The isolators can
be made as a long strip or as a wide sheet and then

easily cut to the required size. It means the isolator
can used for low-rise and medium-rise buildings
subjected to earthquake in developing countries.

Some studies were conducted to obtain the
characteristic profiles and the behaviour of FREIs in
recent time. Kelly and Takhirov [2,3] carried out
theoretical and experimental analysis of the
mechanical characteristics for un-bonded circular -
FREI and rectangular long-strip FREIL. Moon, et al.
[4] presented the experimental tests to estimate the
performance of FREI with different kinds of fibers
such as carbon, glass, nylon and polyester. Toopchi-
Nezhad, et al. [5,6] carried out experimental studies to
investigate the vertical and lateral behaviour of U-
FREI. Strauss, et al. [7] presented an experimental test
to determine shear modulus and damping coefficient
of elastomeric bearings with various reinforcing
materials and under various loading and support
conditions. Dezfuli and Alam [8] produced scaled
FREIs with different initial shear modulus and
experimentally evaluated the performance of un-
bonded isolators. Ngo, et al. [9,10] studied the
horizontal stiffness and the effect of horizontal
loading direction on performance of square U-FREI
by both experiment and finite element analysis.

Most of previous studies were carried out on scaled
models of FREIs with relatively low shape factor (less
than 10). Shape factor (S), which is defined as the ratio
of the loaded area to load free area of a elastomer layer.
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There is little information for isolators with shape factors
typical for seismic isolation, specifically 10 to 20 [11].
Thus, it is necessary to study for prototype isolators with
high shape factor.

This study investigates the mechanical properties
of prototype U-FREIs under cyclic load by both
experimental tests and FE analysis. In experiments,
two prototype specimens are produced, and then the
characteristic properties including the horizontal
stiffness as well as the energy dissipation capacity and
the equivalent viscous damping are assessed. These
specimens are tested under a constant vertical pressure
and cyclic horizontal displacement up to 0.89¢, (¢ is
the total thickness of elastomer layers of isolator) to
investigate the horizontal response of isolators. In
addition, the investigation of the behaviour of
isolators could be done up to very large applied
horizontal displacements of 1.50¢, using FE method.
Numerical results are validated with experimental
findings for cyclic horizontal displacement up to
0.89¢7,, a limit considered from the requirement of
safety of the test set up during actual experiment.

2. DETAILS OF TEST SPECIMENS

Specimens are produced to use in actual building
in India with the support of METCO Pvt. Ltd.,
Kolkata, India. Two specimens are manufactured by
vulcanizing elastomer layers and bi-directional
(0°/90°) carbon fiber fabric. The isolator comprises of
seventeen layers of carbon fibre reinforcement sheets
interleaved and bonded between eighteen layers of
elastomer. The thickness of each elastomer layer is
5 mm, each fiber layer is 0.55 mm and total height of
isolator is 100 mm. Overall, dimension of the isolators
is 310x310x100 mm. A typical view of a prototype
isolator with layer details is shown in Fig. 1. The
shape factor of the isolator is S = 15.5 which is
substantially higher than that of model FREIs used in
most of the previous investigations. Geometrical
details and material properties of the isolators are
shown in Table 1.

R18

Elastomer

Fibre layer

2l F9

RL|

(a) Elastomer and fiber layers in U-FREI

S =RATTHRD 10788

(b) 3D view of a typical prototype U-FREI
Fig. 1. Details of test specimen

3. EXPERIMENTAL TEST

3.1. Experimental set-up

Two specimens are carried out by cyclic loading
test at Structural Engineering Laboratory, Indian
Institute of Technology (IIT) Guwabhati, India with the
experimental set-up shown in Fig. 2. Cyclic loading
test is performed under a constant vertical load and
increasing horizontal displacement simultaneously. A
couple specimens is put one above the other and
separated by a steel spacer block. The specimens are
in contact with the upper and lower surfaces of the
steel block. However, these bearings are without any
physical connection to the surfaces of the steel block
and hence mimic the un-bonded condition. A
horizontally placed servo-hydraulic actuator (make:
MTS USA) is connected to the steel block for the
application of cyclic displacements to the assembly.
A constant design vertical load of 550 kN
(approximately the vertical pressure of 5.6 MPa) is
applied using hydraulic jack from a compression
testing machine, where the assemblage of bearings
and steel block is housed. The magnitudes of vertical
loads correspond to factored column loads and
the values are obtained from the analysis of the
actual building.

Table 1. Geometrical details and material
properties of U-FREI

Description Values

Size of specimen, (mm) 310x310x100
Number of elastomer layer, n. 18
Thickness of single elastomer

5.0
layer, t. , (mm)
Total height of elastomer, t,, (mm) 90
Number of carbon fiber layer, n¢ 17
Thickness of single fiber layer, t;,

0.55
(mm)
Shape factor, S 15.5
Shear modulus of elastomer, G, 0.90
(MPa) ‘
Elastic modulus of carbon fiber 40
reinforcement, E, (GPa)
Poisson’s ratio of carbon fiber

. 0.20

reinforcement, p

3.2. Horizontal cyclic loading

A couple specimen is tested under a vertical
pressure from the compression machine and cyclic
displacement  from  the  horizontal  actuator
simultaneously. While these specimens are loaded
under a constant vertical pressure of 5.6 MPa, the
increasing displacement are applied. At each amplitude
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of horizontal displacement including 20 mm, 40 mm,
60 mm and 80 mm, three fully reversed sinusoidal
cycles are applied with the frequency of f = 0.025 Hz
as shown in Fig. 3. Horizontal displacement and

Compression
machine

corresponding horizontal forces are measured using
in-built linear wvariable differential transformer
(LVDT) and load cell of the actuator.

80

60

-60

f :E /\w/\\/\/,\ / \ //\\I
B TR

-80

Fig. 3. Applied horizo
3.3. Experimental results

3.3.1. Deformed shape

Deformed shape of typical specimen as obtained
from experiment test at 80 mm amplitude of
horizontal displacement is shown in Fig. 4. The top
and bottom surfaces of U-FREI exhibit stable roll off
the contact surfaces without damage and resulting in
development of very low tensile stresses in that zone.
The reduction in contact area due to rollover
deformation leads to the reduction in -effective
horizontal stiffness of isolators and results nonlinear
behaviour of elastomer at large displacement.

¥

163 /i.'“Gﬁ.C- 0768

A ——— SR

Fig. 4. Deformation of U-FREI at 80 mm
horizontal displacement
3.3.2. Hysteresis loops

The hysteresis loop of an isolator represents the
relationship between shear forces and cyclic horizontal

Time [s]
ntal displacement history

displacements. The horizontal displacements and shear
forces experienced by the U-FREIs are measured by
LVDT and load cells respectively, which are built-in
the servo-hydraulic actuator. Further, the recorded
shear forces actually represent the applied forces on
two specimens tested simultaneously and hence, the
hysteresis plot is obtained by dividing these measured
forces by two to evaluate the shear forces on one
specimen in average sense. Fig. 5 shows such
hysteresis loops of a specimen considered in this study.

@
==

g8 &

- N
G -1

Shear Force [KN]

Horizontal Displacement [mm]

Fig. 5. Hysteresis loops of an U-FREI from
experimentally observed data
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3.3.3. Mechanical properties of U-FREIs

Two important parameters such as effective
horizontal stiffness and equivalent viscous damping
(or effective damping factor) are obtained from the
hysteresis loops. The effective horizontal stiffness of
an isolator at any amplitude of horizontal
displacement is defined as IBC-2000 [12]:

P DN O
T "
where, Fax, Fmin are maximum and minimum value of
the shear force; Umax, Umin are maximum and minimum
value of the horizontal displacement.

The equivalent viscous damping of isolator (B) is
computed by measuring the energy dissipated in each
cycle (Wy), which is the area enclosed by the hysteresis
loop. The formula to computed P is given by:

p=—l

h 2
2 ”Kejf A max

)

where Ay, is the average of the positive and negative
maximum displacements, A = (|u +|u )/ 2.

max min

Effective horizontal stiffness and equivalent
viscous damping of these isolators at different
horizontal displacement amplitudes are furnished in
Table 2. These results are obtained by considering the
average values over three cycles of each horizontal
displacement amplitude.

Table 2. Experimentally evaluated properties

of U-FREIs
Amplitude Ko B
mm) | Y| govm) %)
20.0 0.22 814.54 5.82
40.0 0.44 708.04 6.89
60.0 0.67 573.36 10.14
80.0 0.89 497.48 11.84

It can be seen from Table 2 that the effective
horizontal stiffness of U-FREI decreases, while the
equivalent viscous damping increases with the
increase in horizontal displacement. The decrease in
effective stiffness of U-FREI corresponding to
increase in amplitude of horizontal displacement from
20 to 80 mm is found to be 38.9%. The reduction is
due to rollover deformation, which will result in an
increase in time period of the base isolated structure
leading to increase in their seismic response control
efficiency.

4. FINITE ELEMENT ANALYSIS

FE analysis of the isolator is also conducted under
simultaneous action of constant vertical pressure and

cyclic horizontal displacement by ANSYS v.14.0. FE
analysis can address many issues which are rather
difficult in closed-form solution. Modeling isolators
using FE analysis has some prominent advantages for
the description of the detailed stress and strain of
layers. Further, the magnitude of applied horizontal
displacements is up to 1.50¢ (which is the design
horizontal displacement for a base isolator
[12,13,14]), although experimental investigation is
carried out for horizontal displacement amplitude up
to 0.89tr because of practical constraint. Loading
protocol considered in FE analysis is similar to that
considered in experimental investigation. The
comparison of results from numerically simulated
model and experimental observations is performed to
assess the accuracy of FE analysis.

4.1. Element type for finite element model

In the FE model of isolator, the elastomer and
fiber reinforcement are modeled using SOLID18S,
SOLIDA46 respectively. Two rigid horizontal plates are
considered at the top and bottom of the isolator to
represent the substructure and superstructure. Vertical
load and horizontal displacement are applied at the top
plate, while all degrees of freedom of bottom plate are
constrained.

In order to study U-FREI, surface-to-surface
contact elements are used. Contact element
CONTAI173 is used to define the exterior elastomer
surfaces and target element TARGE170 is used to define
the interior surface of top and bottom rigid plates. The
contact element supports the Coulomb friction model to
transfer the shear forces at the interface of contact and
target surface. The model is meshed with hexagonal
volume sweep as shown in Fig. 6.

y \l/x
0
Fig 6. Adopted finite element mesh for U-FREI

4.2. Material model

Material properties of isolator shown in Table 1
are used in FE model. Elastomer is modeled with
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hyper-elastic and visco-elastic parameters. Ogden 3-
terms model has been adopted to model the hyper-
elastic behavior of the elastomer and the visco-elastic
behavior is modeled by Prony Visco-elastic Shear
Response parameter.

Ogden (3-term): p; = 1.89x10° (N/m?); p, = 3600
(N/m?); p3 = -30000 (N/m%); oy = 1.3; ap = 5; a3 = -2;

Prony Shear Response: a; = 0.3333; ¢, = 0.04;
a,=10.3333; £, =100.

4.3. Details of input loading

Similar to experimental tests, analysis of U-FREI is
carried out under cyclic horizontal displacement, while
maintaining a constant vertical pressure of 5.6 MPa
distributed on the top steel plate of the simulated
model. Three fully sinusoidal cycles with increasing
displacement amplitudes up to 1.50t, (135 mm) as
shown in Fig. 3 are applied on the top steel plate.

4.4. FE analysis results and discussion

4.4.1. Validation of FE model
a. Deformed shape

Deformed shape of U-FREI under horizontal
displacement amplitude of 80 mm as obtained from
FE analysis is shown in Fig. 7. The upper and lower
faces of the U-FREI roll off the contact supports. This
results in a non-linear horizontal load-displacement
relationship of the U-FREI. The pattern of deformed
configuration of U-FREI as observed during actual
test (Fig. 4) agrees very well with Fig. 7 obtained
from FE analysis.

Fig. 7. Numerically observed deformed shape
of U-FREI under displacement amplitude of 80 mm

b. Hysteresis loops

Fig. 8 shows the hysteresis loops for data obtained
from both FE analysis and laboratory tests for
displacement up to 80 mm. Comparison of the
hysteresis loops of U-FREI as obtained from
experiments and FE analysis shows the discrepancy to
be quite less.

4.4.2. Mechanical properties of U-FREI

Effective horizontal stiffness and equivalent
viscous damping of U-FREI are calculated from Egs.
(1), (2) and are presented in Table 3. It can be
observed from Table 3 that the effective horizontal
stiffness of U-FREI obtained from FE analysis
decrease with the increase in horizontal displacement.
It is very good agreement to evaluate the behaviour of
U-FREI under cyclic loading by FE analysis.

Shear Force |[KN]

LN
=
e
!g J
&
o
&
(=]

- H

; —— Experimental Results |-
= 40+ — — -FE analysis Results |,

Horizontal Displacement [mm]|

Fig. 8. Comparison of hysteresis loops of U-FREI
obtained from experiment and FE analysis

4.4.3. Stress and strain in elastomer layers

Isolator is analyzed under the action of cyclic
displacement applied along X-axis. For denoting
stress, the local axes are designated as axis-1, axis-2
and axis-3, which are parallel to the X, Y and Z-axis,
respectively.

The contours of normal stress S;; in elastomer
layers of a half U-FREI at different horizontal
displacement amplitudes are shown in Fig. 9. These
contours are plotted over one half of the isolator for
better representation. It can be observed from FE
analysis results, as the horizontal displacement
increases, area of compression region in elastomer
layers of U-FREI decreases, while the peak values of
compressive stress S;; increase. A compression region
is observed along the edge of the top and bottom
elastomer layers, as the isolator is displaced
horizontally. Further, when the U-FREI is deformed
horizontally, near end of the loading direction leaves
the contact and moves upward causing tension in
fiber-reinforcement. Similarly, the opposite end of the
U-FREI move downward and loses contact with the
support. Thus, tension of U-FREI is developed in the
region of no contact while other regions remain under
compression. However, due to rollover deformation,
no tensile stress is transferred to the isolator’s contact
support. The unbalanced moments are resisted by the
vertical load through offset of the force resultants on
the top and bottom surfaces.
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Table 3. Mechanical properties of U-FREIs

. Experimental results FE analysis results
Amplitude b h
(mm) u/t, Ketr B Ketr B
(kN/m) (%) (kN/m) (%)

20.0 0.22 814.54 5.82 814.23 6.86
40.0 0.44 708.04 6.89 688.0 8.52
60.0 0.67 573.36 10.14 586.30 10.35
80.0 0.89 497 .48 11.84 508.60 12.16
90.0 1.00 - - 480.09 12.57
112.5 1.25 - - 433.13 13.08
135.0 1.50 - - 401.33 13.68
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Fig. 9 Contours of normal stress S;; (N/m?) in elastomer layers of a half U-FREI at different horizontal
displacement amplitudes (positive value indicates tension)

5. CONCLUSIONS

This study presents experiment as well as
numerical analysis of prototype U-FREIs under cyclic
load to estimate the mechanical properties of their
isolators. Experimental investigations are done up to a
displacement limit and finding from FE analysis are
validated. The concluding remarks are as follows.

e Due to rollover deformation, the effective horizontal
stiffness of U-FREI decreases, while the equivalent
viscous damping increases with the increase in
horizontal displacement.

e Good agreement is observed in terms of mechanical
properties and deformed configuration of U-FREI
between the findings from experiment and FE
analysis. FE analysis can be adopted effectively to a
very large range of displacement, which may be
otherwise difficult in laboratory study.

o As observed from FE analysis, when the horizontal
displacement increases, area of compression
region in elastomer layers of U-FREI decreases,
while the peak values of compressive stress
increase. Tension of U-FREI is developed in the
region of no contact while other regions remain
under compression. However, due to rollover
deformation, no tensile stress is transferred to the
isolator’s contact support.
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ABSTRACTS: To investigate structural responses under progressive collapse situations, an experimental programme
consisting of beam-column frames subjected to single column loss scenarios was conducted. The substructure included a
two-span beam, a middle column joint, and two edge columns at both sides. The specimens were simulated as either fully
or partially restrained. Two test series were carried out including quasi-static and free-fall dynamic tests. The frame tests
under static conditions highlighted the development of catenary action (CA) in fully restrained specimens, even after
bottom reinforcement had already fractured. For the partial-restraint cases, CA was limited due to excessive inward
movement of side columns. Compared to the static tests, the free-fall tests simulated a closer-to-reality condition of a
progressive collapse scenario triggered by the sudden removal of a supporting column. Strain rate effects on material
strength were clearly observed. The free-fall tests also verified the usefulness of some simplified dynamic assessment
methods used for static analyses. Last but not least, numerical analyses using sophisticated numerical models were

employed to further study the frame structural behaviour under free-fall dynamic regime.

KEYWORDS: reinforced concrete, sub-assemblage, catenary action, compressive arch action, free-fall dynamic.

1. INTRODUCTION

Nowadays, the risks of progressive collapse of
buildings have been substantially magnified due to
increasing threats from terrorist attacks. Several
methods and design guidelines have been released to
help engineers design structures against progressive
collapse. Among them, direct method using Alternate
Load Path (ALP) approach is an effective means to
investigate structural resistance to progressive
collapse [1] and is considered as a threat-independent
approach. Recently, there have been extensive
experimental studies on ALP approach of reinforced
concrete (RC) structures [2-4]. Most of them employ
quasi-static tests to investigate structural responses
against single column loss situations. The
mobilisation and development of both compressive
arch action (CAA) and catenary action (CA), which
strongly depend on lateral restraint conditions, were
clearly observed in the tests. Nonetheless, the capacity
of CA under dynamic condition has not yet been
demonstrated or confirmed experimentally.

Due to the complexity and extensive resources
required for simulating dynamic loading on structures,
nonlinear dynamic analysis approach is less preferred
for investigating structural responses under progressive
collapse scenarios. Instead, a nonlinear static procedure
incorporating an equivalent dynamic factor for loading
is preferred in practice. Dynamic effects can be
considered through load-increase factors [1] or by using
simplified methods based on energy balance [5].

Although such kind of analysis is computationally
efficient, it has to be verified by actual dynamic tests.
With the aim to expand the study on ALPs in RC
structures from static to dynamic conditions, an
experimental programme was conducted in this study.
There were two test series on two-dimensional (2D) RC
frames including (1) quasi-static, and (2) free-fall
dynamic tests. All the specimens employed similar
geometry, reinforcing content, material properties, and
boundary restraints.

2. EXPERIMENTAL STUDIES ON RC BEAM-
COLUMN FRAMES UNDER PROGRESSIVE
COLLAPSE

2.1. Quasi-static tests

To study the mobilisation of CA in beam-column
substructures, a quasi-static test series was conducted
focusing on the effect of horizontal restraint [6]. The
test series included two specimens with full-restraint
(FR) and partial-restraint (PR) boundary conditions.
The design of the 2D frames under quasi-static tests
was based on a typical 5-storey prototype building,
which was designed and detailed in accordance with
EN 1992-1-1 [7]. The prototype building consisted of
4x6 bays with an equal span of 6m in two orthogonal
directions. Two column-missing scenarios were
chosen for the 2D frame tests, including (1) one
interior and (2) one next-to-outermost column.
Locations of the 2D frames are shown in Figure la
and b, respectively.
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Figure 1: Prototype elevation view and location of test specimens

Structural design of FR specimen is shown in
Figure 2. In this specimen, horizontal supports at both
sides of the structure provided equivalent restraint
from adjacent structures. The dimensions of the side
columns and extended beams were based on locations
of contra-flexure points where bending moments were
assumed zero. Hence, all member end supports,
including the beam ends, column tops and bases,
could be represented by pin connections/supports as
shown in Figure 3a. For PR specimen, the middle
horizontal restraint at one side of the column was
removed, representing an exterior column. In this test
programme, the partial restraints were located on the
right-hand side (Figure 3b). Before conducting the
static tests, the side columns were applied with an
axial compression force of 200 kN via hydraulic jacks
to represent loads from above floors which exist in
actual buildings.

Removal of the supporting column was simulated by
slowly increasing the displacement of the middle joint
using a vertical actuator. The relationships of vertical

applied load and horizontal reaction (LH1+LH2+LH3)
versus middle joint displacement (MJD) of the two
static tests are shown in Figure 4. The test results
clearly showed three phases of behaviour including
purely flexural action at the beginning, CAA and CA in
this sequence. CA was marked by a change of
horizontal reactions from compression to tension. More
importantly, after fracturing of bottom rebars in the
beams, it was observed that CA was mobilised more
significantly in FR specimen, resulting in a much
higher ultimate capacity compared to the peak of CAA.
For PR specimen, however, CA showed no
improvement of load-bearing capacity after the bottom
rebars had fractured. The test of PR specimen was
stopped at a central displacement of 395 mm due to
safety concerns as the right-side column, which was
partially restrained, underwent excessive inward
movement. Therefore, it was concluded that CA could
not be fully developed after the fracturing of bottom
rebars if the boundary conditions did not provide
sufficient lateral restraint.

jmai FULL-RESTRAINT SPECIMEN
- 1] 4T10+4R6
3|©
R < 650 | , 650 D/ﬁ
3T10 ‘ 2710 3T10 I
g — — - <
“lg [T T T T I T T I
R6@100 T10 H g
3 - L\ sT13
SO ‘ ‘ ‘
©lg 690 840 690 |
R6@90 | R6@120 " Re@0 |
400 | 180 2220 90|90|
[ [ I

Figure 2: Frame specimen design (FR)
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Figure 4: Static test results

2.2. Free-fall dynamic tests

To have a direct comparison with the quasi-static
responses presented in Section 2.1, a free-fall dynamic
test series was conducted [8] applying similar
geometry, reinforcing details, material properties and
boundary restraints with the static tests on RC frames.
The dynamic series included four specimens, namely,
FDI, FD2, FD3, and FD4. While FD1 and FD2 had
the same design and boundary condition compared

to FR (fully restrained), FD3 and FD4 were tested to
study the behaviour of a partially restrained structure
(similar to PR) under dynamic condition. To simulate
the sudden column-removal scenario, a quick-release
mechanism was used in this series of dynamic tests. It
was connected to the hook on top of the middle joint
of the specimen and hung by a supporting H-frame.
The release mechanism was activated by jerking a
rope connected to the device. The release time was
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measured and it ranged from 30 to 80 ms. Additional
loads were simulated by a set of steel plates
suspended under the middle joint. Two load levels
were used for FD1 and FD3 and each specimen was
tested twice. That means after the first column-release
at a lower load value (i.e., 20 kN), specimens FD1 and
FD3 were pulled up to the initial position (zero
deflection). Subsequently, the applied loads were
increased to 29 kN and 25 kN for FD1 and FD3,
respectively, and the specimens were tested again.
Observations from the first release showed that the
specimens were slightly damaged with limited cracks
near the beam ends and only bottom rebars at the
middle joint interface yielded. Suffice to say, test
results of FD1 and FD3 from the second column-
release were still reliable and useful. For FD2 and
FD4, only one load level (34 kN for FD2 and 30.5 kN
for FD4) was applied. Table 1 summarises the
parameters of the dynamic free-fall tests.

Results of the free-fall dynamic tests are shown in
Figure 6 including time-histories of displacements at
the middle joint and the total horizontal reaction from
one side of the specimens. Observations from FDI1-
1F/20 and FD3-F/20 under a lower load value of 20
kN (Figure 6a & d) showed that the specimens
behaved in flexural mechanism with enhanced CAA

l Axial force

o

and horizontal reactions were always in compression.
Additionally, the responses of FD1 and FD3 at 20kN
were fairly similar showing that at small applied
loads, the middle horizontal restraints (LH2 and RH2)
had not yet been mobilised noticeably. Only minor
flexural cracks were observed at this load level
(Figure 7a and e).

For full-restraint specimens at higher load levels
(FD1-F/29 and FD2-F/34) shown in Figure 6b and c,
the specimens underwent large deformations and
severe damages were observed. Simultaneously, CA
was mobilised as the horizontal reactions changed
from compression to tension. For FD1-F/29 at 29kN,
bottom rebars near the middle joint had fractured
(Figure 7b) but the specimen could still withstand the
load and there was no collapse yet. Therefore, it was
concluded that CA could still prevent collapse even
after the fracture of bottom rebars. This phenomenon
has not yet been confirmed in any previous dynamic
tests. For FD2-F/34 at 34kN, due to the high imposed
load, the specimen could not survive from the sudden
column removal incident and totally collapsed (Figure
6¢c and Figure 7c¢). After all the rebars had been
fractured, the horizontal reaction suddenly dropped to
zero before the specimen hit the strong floor (at
0.81s), confirming a total collapse.

Axial force l

Release

device

sy

— 1= —20 ~ 34 kN

steel weight

? o ?

Figure 5: Dynamic test setup (FD1 and FD2)

Table 1: Specimen properties of free-fall dynamic tests

Specimen Restraint condition Dynamic test Applied load (kN)
) FD1-F/20 20
FD1 Full restraint
FD1-F/29 29
FD2 Full restraint FD2-F/34 34
) ) FD3-P/20 20
FD3 Partial restraint
FD3-P/25 25
FD4 Partial restraint FD4-P/30.5 30.5
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Figure 6: Dynamic test results

For the second release of partial-restraint specimen
FD3, although the imposed load was increased to 25
kN, the structure still behaved under compressive arch
regime and the maximum MJD (55 mm) was much
smaller than the beam depth of 180 mm (Figure 6e).
Besides, in FD3-P/25 there was no damage such as
concrete crushing or rebar fracturing (Figure 7f). With
an applied load of 30.5 kN, FD4 underwent large
deformations with several major failures including
fracture of bottom rebars from one side of the middle
joint and excessive inward movement of the partially
restrained side column causing severe damages to the

right-side end joint (Figure 7g). Besides the formation
of a plastic hinge at the beam end, an additional hinge
was formed at the side column with partial restraint.
However, beam top rebar fracture had not occurred
and the specimen did not collapse.

Compared to the damages observed in the static
tests for both the full- (FR) and the partial-restraint
(PR) cases (Figure 7d and h), crack patterns from the
dynamic tests were fairly similar. Under large
deformations, top-surface flexural cracks propagated
from the plastic hinges at the end joint to curtailment
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points in the beams. Full-depth tension cracks also followed by the fracture of top rebars. In addition, no
occurred in FD1-F/29 and FD2-F/34, denoting that CA  shear failure was found in either the static or the
had fully developed across some beam sections. dynamic tests. Effect of weak restraint on the partial-
Besides, concrete crushing extensively occurred at restraint specimens was also consistent between the
compressive zones of the middle joint (top surface) and  static (PR) and the dynamic (FD4-P/30.5) tests since in
the end joint (bottom surface). Regarding fracture of both tests the partially-restrained columns were pulled
reinforcement, the same sequence of failure was found in significantly when bottom rebars at the middle joint
between the static and the dynamic tests, i.e., had already fractured and CA started developing.

the bottom rebars at the middle joint fractured first

[re— minor cracks

i T [ -
4+ L1 T —f—zl
minor cracks

L — AL
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}

\ bottom rebars
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Figure 7: Damages and failure modes of static and dynamic tests
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Table 2: Summary of material strength enhancements

Tensile rebars at joint sections Concrete at joint sections
Test Max. strain DIF In compression In tension

rate (1I/s)up | yvield Ultimate Max. strain rate Max. strain rate

to yielding | strength | strength (1/s) DIF (1/s) DIF
FD1-F/20 0.099 1.155 1.050 0.013 1.089 NA
FD1-F/29 0.253 1.178 1.057 0.053 1.110 0.133 1.186
FD2-F/34 0.394 1.189 1.060 0.049 1.109 0.155 1.190
FD3-P/20 0.212 1.173 1.055
FD3-P/25 0.117 1.159 1.051 not measured

FD4-P/30.5 0.315 1.183 1.058

Based on rebar and concrete strain gauges
installed on the specimens, maximum strain rate
values from all the dynamic tests were calculated to
determine material strength enhancements. The CEB
Concrete Model Code [9] was applied to calculate
Dynamic Increase Factors (DIF) for compression and
strengths Empirical model
proposed by Malvar [10] was applied to calculate the
DIF for yield and ultimate strengths of reinforcement.
Table 2 summarises the material increase factors for
both concrete and tensile rebar at the end joint and the
middle joint of the dynamic tests. It is noteworthy that
the dynamic increase values for materials near the end
and the middle joints were fairly similar. For concrete,
the maximum DIFs for compression and tension
strengths were 1.110 and 1.190, respectively. Regarding
reinforcement, the maximum DIF for yield strength was
1.189. The rebar strain rates recorded in the dynamic
tests was much larger compared to the static tests (with
the equivalent strain rate of about 10™*/s). On the other
hand, the maximum DIF for rebar ultimate strength
only 1.06. In
enhancement in terms of strength of concrete and
rebar yield strength, which are beneficial to the
development of flexure/CAA, was moderate in the
tests. On the other hand, enhancement of rebar
ultimate strength which significantly affects the CA
capacity was negligible.

3. COMPARISONS BETWEEN ACTUAL
DYNAMIC TESTS AND 1ZZUDDIN METHOD
PREDICTION

tension of concrete.

was summary, the strain rate

Figure 8 presents the pseudo-static curves
generated from the static tests FR and PR (Section

2.1) using Izzuddin method [5] together with the

MIJD-applied load results from all the free-fall
dynamic tests (Section 2.2). For full-restraint cases
(Figure 8a), most dynamic tests showed smaller
deformations compared to the pseudo-static curve
denoting that such an energy-based framework is
conservative as it neglects the effects of damping and
strain rate on material strengths. However, in the
dynamic test of FD2-F/34, the applied load of 34 kN
exceeded structural capacity of the specimen leading
to a complete collapse while Izzuddin method also
considered this value as the failure load. For the static
partial-restraint test, due to early termination of PR, its
pseudo-static prediction stopped at the MJD of 396
mm (Figure 8b). The simplified method shows smaller
structural capacity compared to the actual dynamic
tests of specimen FD3 at load levels of 20 and 25 kN.
As observed from the dynamic tests, dynamic strain
rate effect could increase the plastic moment
capacities at the joints by up to 17.3% (FD3-P/20) and
15.9% (FD3-P/25), and could also increase the elastic
modulus of concrete. For FD4-P/30.5 which had a
higher applied load than the maximum dynamic
capacity predicted by Izzuddin method and yet still
survived from collapse, it was found that the axial
force in the partially-restrained column dropped
significantly after the test had finished. Therefore, this
column would have failed if its applied axial force had
remained constant during the free-fall event. As a
result, FD4-P/30.5 could be considered as failed. In
method
conservative predictions of flexure/CAA response

short, although Izzuddin provides
based on static tests, its prediction of ultimate
dynamic capacity due to CA should not be exceeded

during design procedure.
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Figure 8: Comparisons between dynamic tests and pseudo-static responses from [zzuddin method

4. NUMERICAL STUDIES ON RC FRAMES
UNDER STATIC AND DYNAMIC CONDITIONS

Numerical model validations

After conducting quasi-static and dynamic tests on
2D frames, numerical analyses using finite element
software such as LS-Dyna [11] were conducted to
simulate the test results, as well as to investigate some
parameters that affected structural responses under both
loading conditions. The continuous surface cap model
MAT 159 was employed to simulate the behaviour of
concrete material. It can effectively capture post-peak
softening, shear dilation, confinement effect, and strain
rate hardening. An isotropic elastic-plastic material
model “Mat Piecewise Linear Plasticity” (MAT 024)
was used for steel reinforcement which also
incorporated strain rate effect. The mesh size of
concrete elements was chosen as 10 mm for the joint
region and 20 mm for the other regions. The length of
beam element was 20 mm. Composite behaviour
between steel rebars and concrete material in the beams
was simulated by incorporating the bond-slip model in
CEB 2010 into Contact 1D function of LS-Dyna [11].
Such an application improves the accuracy of
simulations when comparing to actual test results and
prevents premature fracture of rebars in concrete due to
localised stress concentration. To save computational
cost, the Contact 1D function was only applied at the
joint regions.

From Figure 9, the models for FR and PR
specimens captured well the behaviour of the static
tests in terms of both vertical applied load and
horizontal reaction versus MJD. Regarding failure
mode, the FEM models agreed reasonably well with
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the tests for concrete damage and spalling, rebar
fracturing, etc. (Figure 10a and b). For the partial-
restraint model of PR specimen, after the MJD of
396 mm at which the static test was stopped, the
simulation was continued until the structure actually
collapsed, showing no significant enhancement of
structural capacity (Figure 9b). When the MJD
approached 600 mm, abrupt failure from the
partially-restrained side column occurred, denoting a
complete collapse of the beam-column structure
(Figure 10c). That is to say, if the MJD had been
kept moving downwards and the axial compression
force had been kept constant, the side-column
failure due to buckling would have dominated the
collapse of the partial-restraint specimen PR rather
than the fracture of beam top rebars which occurred
in the FR test.

To further study the effect of column axial
compression on general behaviour of the beam-
column frames, a parametric study was conducted
involving several values of column force ranging from
200 to 400 kN. Both the full- and the partial-restraint
frames were considered. For the partial-restraint
frame, numerical predictions showed that the
compression force had limited influence on structural
response before the fracture of bottom rebars near the
middle joint (Figure 11a). After this point, as the
compression force increased, the structural response
reduced in terms of both load-carrying and
displacement capacities. For the full-restraint frame
(Figure 11b), column axial compression had almost no
influence on the structural response, before and after
the fracture of bottom rebars.
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The FR model in static condition was employed to
simulate the responses of dynamic tests FD1-F/20,
FD1-F/29, and FD2-F/34, while the PR model was
used to predict the behaviour of FD4-P/30.5. Imposed
loads in the dynamic tests were simulated by
additional mass attached to the middle joint of the
model. Strain rate effects on concrete and
reinforcement materials were also considered using
Concrete Mode Code [9] and Malvar model [10]. For
all the dynamic analyses, global damping ratio was set
to 5%. For FD1-F/20, the FEM model moderately
overestimated the deformation compared to the actual
test (Figure 12a). Nonetheless, both the numerical and
the test results agreed well with each other in terms of
reaction forces (Figure 12b). For FD1-F/29, the FEM
model gave good results compared to the actual test
for both the displacement time-history and the
reaction forces (Figure 13). Numerical predictions for
FD2-F/34 and FD4-P/30.5 showed complete collapses
(Figure 14). While the failure from FD2-F/34 model
was due to top and bottom rebar fracture, similar to

Displacement (mm)

the actual test, the failure of FD4-P/30.5 model was
from the abrupt collapse of the partially-restrained
side column after the fracture of bottom rebars
(Figure 15). This numerical observation confirmed the
assumption made in Section 3 considering the FD4-
P/30.5 test to be failed after it had lost most of the
column axial force.

After being validated by actual dynamic tests, the
FEM models were used to investigate the influence of
some parameters on the dynamic response of the
frame specimens. Two FEM models representing the
tests of FD1-F/20 and FDI1-F/29 were analysed with
different release times and concrete grades and the
results are shown in Figure 16 and Figure 17. It is
found that, when the structure was under CAA stage
(FD1-F/20), the release time and the concrete grade
could notably affect the maximum displacement.
However, when the structure went into CA stage
(FD1-F/29), these two parameters had insignificant
influence on the maximum displacement of the frame.
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Figure 12: Validation results for FD1-F/20

183



Hoi nghi khoa hoc quo‘c té Ky niém 55 nam ngay thanh lagp Viéen KHCN Xay dung

70
60
-100 ZZ?
. = 50
E . =
g 200 §40
9 300 ; 30
= 2 20
o
-400 =~ 10
0
-500
a) Displacement
Time (s)
150
g 1o hAN o ,
e TRV AR VR
= 50 ¥ Y] [ VIR A TR T A
% r y v v oy
E o0 - ; :
=] 1
g = 1 2 3 ]
S 50|V Test
------- FEM
-100
¢) Horizontal reaction
Figure 13: Validation results for FD1-F/29
Time (s) Time (s)
0 0 T T
4 2 3 4
-100 -100 -
=200 200 1 ——FEM
E E Test
£-300 € 300 e
a o
= -400 = :
= = 400 survived
-500 2
| 2
-600 e
=2
=700 -600
a) FD2-F/34 b) FD4-P/30.5
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Figure 15: Failure modes in FD4-P/30.5 model
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Figure 16: Parametric studies for FD1-F/20 model
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Figure 17: Parametric studies for FD1-F/29 model

5. CONCLUSIONS

In this study, two test series on 2D beam-column
frames were conducted to simulate the single column
removal event under different loading rates. Some
conclusions are drawn as follows:

The experimental study on RC frames under static
and free-fall dynamic conditions not only confirmed
the development of CA, but also highlighted the effect
of weak-restraint conditions on structural behaviour.
More importantly, the dynamic tests on RC frames
showed the ability of CA to sustain final collapse after
the bottom rebars in the double-span beam had
already fractured, which has not been reported in any
dynamic tests.

The free-fall tests could simulate the dynamic
effects of a column to be suddenly removed since the
requirement of release time was satisfied in most of
the tests. DIFs for material strength due to strain rate
effects were up to 1.189 for rebar yield strength and
up to 1.110 and 1.190 for concrete in compression and
in tension, respectively. Deformations and damages at
a smaller load of 20 kN were negligible and results
from the second test of specimens FD1 and FD3 with
higher applied loads were useful.

Failure modes, deflection profile, and behaviour of
the free-fall dynamic tests agreed well with those

observed from corresponding static tests. It is
concluded that under the same boundary condition and
loading method, the dynamic response caused by a
sudden column removal will have similar failure mode
with the static response regardless of applied load level.

Under free-fall dynamic environment, Izzuddin
method for dynamic assessment provides conservative
predictions of structural responses compared to actual
tests since the method ignores damping and strain rate
effects. For safety purpose, the dynamic capacity
during CA stage predicted by this method should be
considered as the maximum load that a structure can
resist during a sudden column loss scenario.

Detailed numerical models using LS-Dyna software
agreed well with both the static and the free-fall
dynamic tests not only for overall responses but also
for other important aspects such as reaction forces,
failure modes. The FEM analyses clearly showed the
vulnerability of partial-restraint frames against
progressive collapse due to buckling failure of the side
column, which was not directly observed in both the
static test PR and the dynamic test FD4-P/30.5.
Besides, the release time and the concrete grade were
shown to have noticeable effects on maximum
dynamic displacement if the structure was under CAA
stage. However, such influences became insignificant
when the frame goes into CA regime.
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