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SUMMARY:

The uplift of the raft foundation of reinforced amate buildings, and the consequent partial lossaonitact
between soil and foundation, is a possible effé@mearthquake. Actually, reinforced concrete dings with
raft foundation are commonly used in nuclear poplants. In this context, some simplified approacfus
uplift evaluation have been proposed in the padtaae still used for many practical applicatiomsphrticular,
the so-called energy equivalence method is studérd. The classical form of this method can beiagpb
rectangular foundations with earthquake directiarafjel to one of the rectangle sides and to dncul
foundations. A generalization of classical equatido the case of generic foundation shape and igener
earthquake direction is proposed in this paper.nThmlift assessments from energy equivalence rdetho
pushover and non-linear time history analyses ampared, with reference to the specific situatiba auclear
power plant building.
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1. INTRODUCTION

The uplift of the foundation of a building and tbensequent partial loss of contact between soil and
foundation is a possible effect of an earthquakethie past years, several authors analyzed the
problem of the accurate uplift evaluation, e.g.efig and Liou, 1981, Kobori et al., 1984, Yim and
Chopra, 1984, Betbeder, 2003). Actually, most ohtgcal papers about this subject concern thetuplif
of reinforced concrete buildings with a foundatiaft, commonly used in nuclear power plants. The
analysis proposed here also regards this spegial dff foundation. The most direct method of uplift
assessment consists in modelling the coupled saitsre behaviour and performing time history
analyses. However, this approach is computatiore{fyensive and it cannot be used during design
phases, when complex and accurate calculationgrgressible, since the final configuration of the
building is not known. For this reason, some sifigalimethods have been proposed, e.g. (Tseng and
Liou, 1981, Betbeder, 2003) and are still usedsfame practical applications. Simple formulas are
also used in codes and standards, see e.g. Har@én(2006). A first often accepted simplification
regards the modelling of soil by a set of springsWinkler” type characterized by an elastic or
elasto-perfectly plastic behaviour in compressiad aith zero strength in tension. In some cases,
additional “shear springs” were also consideredi{@aer, 2003). The second simplification concerns
the seismic action: instead of considering nondingme history analyses giving the uplift at any
instant for a given accelerogram, linear and/oticstanalyses are done, aiming to estimate the
maximumuplift throughout the seismic event. The use afffmver analysis proposed by Harden et al.
(2006) for the uplift estimation is an example ofhrinear static method (the non linearity is odlye

to the soil-foundation unilateral contact), seet®ac3. The energy equivalence method (Tseng and
Liou, 1981) (Betbeder, 2003), also called “Betb&denethod” in the French technical literature, is
characterized by an initial linear analysis (withl Springs also working in tension and where uplif
cannot occur), which can be either transient,statibased on the modal spectrum method, followed
by a semi-analytical estimation, based on the tesdlthe linear analysis, of the non-linear bebawi
due to uplift. In detail, this method is based be assumptions of very stiff foundation (the base r



rotates but it remains plane) and of equivalence¢hefrocking moment work of the linear model
(without uplift) and the rocking moment work of tlmen-linear model (with uplift). The classical
equations of the energy equivalence method (TsedgL#ou, 1981, Betbeder, 2003) deal with two
situations: (i) rectangular foundations with eauhke direction supposed parallel to one of the
rectangle sides and (ii) circular foundations. A@mlization of classical equations to the case of
generic foundation shape and generic earthqualeetin is proposed in Section 4. In Section 5,
uplift assessments from (generalized) energy etpnea method, pushover and non-linear time
history analyses are compared, with referencedsplecific case of a nuclear power plant building.

2. UPLIFT EVALUATION BY TIME HYSTORY ANALYSIS

Non-linear time-history analysis of a coupled stilicture finite element model is the most accurate
approach to estimate the upldt a building with raft foundation. Several levefaccuracy can be
chosen in the modelling of the soil behaviour afthe soil-structure interface. In the simplestezas
the soil is represented by a set of Winkler unikgteprings. This modelling approach is used is thi
paper for non-linear time-history analyses. Actyallve recall that the assumption of Winkler
unilateral springs is also at the basis of someplsied methods of uplift estimation, e.g. (Yim and
Chopra, 1984) (Betbeder, 2003) (Harden et al., POR@sults obtained by non-linear time-history
analysis are used as reference to assess the @cofinaplift estimations coming from the simplified
approaches described in the next two sections:gvastanalysis and energy equivalence method.

3. UPLIFT EVALUATION BY PUSHOVER ANALYSIS

The pushover method consists in determining theopeance point resulting from the intersection of
a representative curve of the seismic action arepeesentative curve of the resistance capacitipeof
structure. This method is more accurate for strestwith a fundamental mode characterized by a
high participating mass (FEMA 273, 1997). Multi-nabdariants (Chopra and Goel, 2004) are not
considered here. In most applications, the pushawthod is used to study the influence of the
structural non-linearity on the seismic responsa given building. In this article, the structure (

the building) is rather supposed linear and noediity is only due to the soil-foundation unilatera
contact. A similar analysis was proposed by Haeteal. (2006).

A particular format called ADRS "Acceleration-Digpement Response Spectrum” is used to
represent the response spectrum. The ADRS is anpéia plot of the form(s,(f),s,(f)), wheref is

the generic frequencysd(f) is the displacement response spectrum gr{d) = (277 )2s,(f) is the

pseudo-acceleration spectrum. The capacity curwbigined by applying a quasi-static increasing
lateral load parallel to a given direction to tivdté element model: at each load level, the basars

V and the roof displacemeétare evaluated and the following formulas give ¢hpacity curve in the
ADRS format:

S, = v and Sdzi
Meff F¢

(3.1)

where My is the effective mass of the fundamental modés the participation factor of the
fundamental mode for the chosen earthquake direatol® is the roof modal displacement related to
the fundamental mode. Eqgns. 3.1 hold when thedalead is proportional to the product of the mass
matrix and the mode shape vector of the fundamemtade. In the alternative case of a load
proportional to the nodal masses, the acceler&iaa obtained by dividing the base shear V by the
total structural mass M.

Once the coordinateS; and S, of the performance point are found, the rockingmant has to be
determined in order to evaluate the percentagbeiiplifted part of the base raft. This can be done
either by directly reading finite element results lwy using the analytical expressions derived



hereinafter. Leﬂ be the mass matrix of the structurdithe vector such that the elements in the

direction of the application of the seismic loa@ #ne vertical distances of the model nodes to the
center of gravity of the raft, while all the otrements are null; P the weight of the building; thie

rocking moment under the action of the buildinggij F the vector of the lateral nodal forces; and

the half-length of the raft in the direction of #ipation of the lateral load. Since the lateraldda
supposed to be proportional to the product of tlesgmmatrix and the mode shape vector of the

fundamental modd; can be written as follows:
E=aMD; (3.2)

wherea is a proportionality coefficient an® ; is the mode shape vector of the fundamental mode.
The base shear V is obtained by the following fdemu

V=F'A (3.3

In Eqn. 3.3, the elements of the vedoare either equal to 1 or 0: 1 if the element apoads to the

direction of the application of the load and 0 ot¥iee. The total rocking moment, Mt the base of the
building reads:

M, =F'Z+M, (3.4)

Let d represent the vertical distance between #se baft and the barycenter of the horizontal loads
F . Then, the distance d reads:

T T
g=F Z_DbiMZ (3.5)
F'A DiMA
As a result, the total moment; ldecomes equal to:
M, =Vd+M, (3.6)
Let M* represent the non-dimensional moment giverhte following formula:
|\/|*:%:Vd+lvl0 (3.7)
Pb Pb

Moreover, let us name S* the uplift percentage abtuthe ratio between the uplifted surface amd th
total foundation surface. In Betbeder (2003), dandd the relationships that allow calculating S*aas
function of M* in the case of a very stiff rectahguraft:

S =0 if Mr<t and S =i(BM*-1) if M*>L (3.8)
3 2 3
4. UPLIFT EVALUATION BY THE ENERGY EQUIVALENCE METHOD
4.1. Classical energy equivalence method for rectangular rafts

The energy equivalence method is based on the aisunof equivalence of the rocking moment
work of the linear model (with soil modelled bydir springs working in tension-compression) and
the rocking moment work of the non-linear model ¢néhthe uplift is accounted for by soil-springs



with unilateral behaviour), see e.g. Tseng and I(i881) and Betbeder (2003). The principle of this
method is illustrated in Fig. 4.1. The graph shoes curves that represent the relationships between
the reduced moment M* (defined by Eqn. 3.7) andrduiced rotation of the rait: the blue curve
corresponds to the linear model without uplift dinel pink curve corresponds to the non-linear model
with uplift. The reduced rotatioé* is equal to the ratio between the actual baseratétion and the
limit rotation at the beginning of the uplift phagélassical equations concern circular or rectaargul
foundations, with earthquake parallel to one ofreangle sides. Moreover, the raft is supposegl ve
stiff.

— Uplift prevented

— Uphift permitted

e*

Figure4.1. lllustration of the energy equivalence method

Let us suppose that the rocking mom&htcoming from a linear seismic (time history or modal
spectrum) analysis is available. The applicationtlod energy equivalence method consists in
computingM,* using Eqgn. 3.7 and looking for the point on thekginrve in Fig. 4.1 which enables to
have the same surfaces under this curve and unelddue one. In other words, this point on the pink
curve is such that the grey-coloured surfacesdantical. For a very stiff rectangular raft, thdifip
percentage S*, function of the linear reduced mdrivgh, reads (Betbeder, 2003):

S 21— 3 (4.1)
2+ /2(27(M,*)2—1)

The corresponding non-linear reduced momegitiddécomes equal to:

M, =1- ! (4.2)
1+ /1(27(|v|,*)2 —1)
8
4.2. Proposal of an extended energy equivalence method

In this Section, the energy equivalence methoctieneled to the case of generic earthquake direction
and generic shape of the base raft, which issijtiposed to be very stiff. Under these assumptions,
the stress applied by the foundation on the sdhénvertical direction reads:

o(x,y) =a+bx+cy (4.3)
where x and y are the coordinates of a generiefeoiidation contact point with respect to a given

reference; a, b and ¢ are constants dependingeoeftibrts applied to the soil (N: total verticatde
applied on the soil, M total rocking moment around the X direction ang ktal rocking moment



around the Y direction) and on the geometry oftthge raft area in contact with soil. When the whole
foundation surface is in contact with the soil, stress is given by the following formula:

N M +MJI, M +M.I,
o(xy)=—+—2 > Y x— Y zy Yy (4.4)
S I,l,-13 I, =12

X
xI y
where S is the foundation surface(l]) is the raft moment of inertia with respect to X&) axis and

Iy is the product of inertia.

The work of the rocking moment W can be writtertressum of the energy of deformation of the soll
Wp and of the work of the vertical forcezV

W =W +W, (4.5)

with

1 2 N2 N(N
W. =—— g ds—— and W =—| —- (4.6)
P 2nkm‘( (xy) S } N nk(S j
where n is the surface density of vertical sprifmg), k is the stiffness of a single vertical spring
(N/m) and A is the base raft area in contact with soil. Whenliase raft is completely in contact with
the soil, W reads:

2 2
1 [MX|Y+MY|X+2MXMy|WJ @

2nk

_12
L1, =12

For the points located on the curve separatingifhiéied part of the raft from the part in contadgth
the soil, the stress is equal to zero. Thus, theton for this curve is:

at+bx+cy=0 (4.8)

For given efforts (N, M M,) coming from the linear model, the applied eﬁc{nﬁi M., My) for the
nonlinear model have to be determined. A first éignacomes from the equivalence of vertical forces:

N :jja( x y)ds=N (4.9)
A

Then, the application of the energy equivalencehogtonsists in determining the constants a, b and
¢ such that:

2 M2l +M2l, +2M M I
i jj(O'(X,y))ZdS—N— +ﬂ ﬂ_a — 1 X'y y ' X . X Ty Xy (4_10)
2nk | 5/ S| nk(S 2nk LI, =1

The term on the left of this equality corresporuishie work of the rocking moment for the nonlinear
model and the right one corresponds to the wotkefrocking moment of the linear model. Egns. 4.9
and 4.10 are not sufficient to determine the tluaestants a, b and c: a third equation is needsd A

last condition, it is assumed that the vect@\ﬁg M y) and (M oM y) are parallel:

<

Mf = M, when M, =0 and - :& otherwise (4.11)
, My . M

<)



The analytical solution of the system of Egns. 4.20 and 4.11 cannot be found in the general case.
Hence, an iterative procedure is suggested to sbévgroblem (this procedure has been implemented
in the SCILAB software):

I. Initialize the constants a, b and c:

N

_ M I +M.I M, I, +M I
aOZ?; b0=— R

X X' Xy . X X
y Y . c. =— y'xy
.1 0

X

y
2 2
y IXY IXIY IXy

The initial location of the line dividing the ugldid area from the one in contact with the solil is
determined by the Egn. 4.8.

Il. Seti=1

I11. ComputeA, ; (raft area in contact with soil) from,_, , b_, andc_,

V. Compute

N, = [[a(x yds M,, :—”ya( xyds; M, = ”xa( x yds
A, A, A

~ 1 2 N? N (N
W =ﬁ[jj(a(xy)) ds—g}w[g—ai-lj

A,
V. Check
.ANi: —N-I<€ oANi: _NI<£
IF: « AW =W-W <& when M= 0, « AW =W-W <& otherwise
M. . M M, M
QA Mx _Mx_ ~X,| <€ .Aiy _7)/_ ~y| <£
y /i M, My‘i M, | M, M,

In these expressions, W is given by Eqn. 4.& {ibrk of the rocking moment for the linear model).

STOP,
OTHERWI SE:

VI. Computea, , b andc , seti=i+ 1 and GOTGB.

5. APPLICATION
5.1. Building and soil models

The structure analyzed in this study is a fiveyst@inforced concrete building. Two analyses are
considered: (i) earthquake in one direction onlyb&ection 5.2) and (ii) three component earthquake
(Subsection 5.3). The building has an almost regtian base raft and three slabs. It is 23.92 meters
high and the base raft dimensions are: 23.6m xn2X@m (Fig. 5.1). The building mass is around
11000 tons. This building is modeled using ANSY S01domputer program. The base raft, walls and
slabs are modeled by shell elements SHELL 43. Hagnls and the columns are modeled by elements
BEAM4. The material masses are modeled by elemei#SS21. Every node of the base raft is
connected to a fixed node by three springs: twdzbotal springs and one vertical spring. Two sorts
of springs are considered: (i) linear springs whiebp permanently the contact with the base rigft; (
nonlinear springs which allow the foundation uplifhe linear springs are modelled in ANSYS by
COMBIN14 elements and nonlinear springs by COMBINBments. In this study, the following soil



impedances are used; K 4.88 10" N/m in the X direction, K= 4.49 10'° N/m in the Y direction,

K, = 7.73 10'° N/m in the Z direction. The stiffness of everyisgris calculated from the global
stiffness of the soil by multiplying it by the ratof the surface allocated to this spring to thi¢ ra
surface. Damping is supposed equal to 5% for Wwrstructure and soil and is modelled according to
the Rayleigh assumption with=2.41 and3=0.00087.

Table5.1. Modal analysis results

Mode Frequency Partici. factor Mass fraction
i [‘l 1 5.28 -306.31 0.009
Zﬁ% : 2 5.45 2445.90 0.54
%}‘%%%% 3 8.37 -65.33 0.0004
%S%%% | X 4 11.47 -602.40 0.034
ﬂ%%& / 5 12.58 1594.40 0.23
%s:é ] 6 12.93 1205.90 0.13

Figure5.1. The building model

5.2. Seismic load applied in onelateral direction

The building is almost symmetric with respect te Hxis parallel to Y passing through the geometric
centre of the raft. Moreover, the fundamental miodiae Y direction (the™ one, see Table 5.1) has a
relatively high participating mass (54%). This diien is considered for the unidirectional study,
because the basic assumptions of both pushovercksdical energy equivalence methods are
approximately fulfilled.

5.2.1. Time history analyses

Two time history analyses have been performedfitseone on the linear model (without uplift) and
second one on the model with uplift.

(a (b)

Uplifted arei

Acceleration(g)

03 Area in contact with the soil
Time(sec)

Figure5.2. (a) Kobe ground motion; (b) Maximum raft uplift daguration

An accelerogram corresponding to the Kobe earthejgd&nuary 17th, 1995) with PGA (Peak Ground
Acceleration) of 0.345g has been used (Fig. 5.2k earthquake is applied in the Y direction only
We are interested in the peak values of base shearcking moment N uplift percentage S* and

roof displacemend reached during the earthquake. Table 5.2 sumnsatimse values. Observe that
the peaks of the different quantities are not siamédous. The model where the uplift is taken into
account is characterised by reduced values of d/MinThe roof displacement is almost identical to



the one obtained from the linear model. Fig. 5.8Hows the maximum foundation uplift
configuration. The line separating the upliftedtpErthe raft from the part in contact with theldei
not completely straight: this is due to the baseflexibility.

Table5.2. Time history analyses results

Linear model Non-linear model
Base shear (MN) 58.98 56.42
Rocking moment (MN.m) 796.53 692.21
Uplift surface (%) 0 26.74
Roof displacement (mm) 8.41 8.42

5.2.2. Pushover analysis

The load is supposed parallel to the Y directitkg In the previous time history analyses. In B,
both capacity curve of the linear and non-lineardets are plotted, together with the response
spectrum corresponding to the accelerogram of thieekearthquake (Fig. 5.2.a) for a damping ratio of
5% (damping ratios of both soil and structure agpssed equal to 5%):

— Uplift prevented
— Uplift permitted

I

14
‘ ‘ ‘ ‘ ‘ — Demand curve

124
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0,6
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10 15 20 25 30 35 40 45 50
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Figure5.3. Capacity curves and demand curve (ADRS spectrum)

As already observed, the second mode is the dotamenin the Y-direction, with an effective mass
equal to the 54 % of the total mass of the strecthience, the capacity curves have been built using
an increasing load proportional to this mode. Istimightforward to verify that the initial slopé o
capacity curves corresponds to the square of tleagen of this mode (having a frequency equal to
5.45 Hz, see Table 5.1). The intersection pointshef capacity curves with the response spectrum
correspond to the performance points of the lirmea nonlinear models, since both building and soll
(in compression) are supposed linear elastic, rditiadal damping due to hysteresis has to be
considered. From performance points, the correspgnohaximal base shear and the maximal roof
displacement are computed for both models (Tal8§ Fhe static rocking moment is,M 57.10
MN.m and d = 14.43 m (obtained from Egn. 3.5). Thewcking moments at performance points for
both linear and non-linear models can be calculftmad Eqn. 3.6 and Table 5.3. This leads to=M
832.00 MNm for the linear model and; ® 783.65 MNm for the non-linear model. In the dimear
case, the non-dimensional moment M* and the upgficentage S*, given by Eqn. 3.7 and Eqgn. 3.8
respectively, become equal to M* = 0.62 > 0.33 &id= 42.24 %. The uplift percentage is quite
different from the one computed by non-linear tinitory analysis (26.7 %; see Section 5.2.1). This
difference may come from the fact that the fundamlemode participating mass is not large enough
and other modes (the 5th and the 6th ones in the ahthe building studied here) also participate t
the dynamic response of the structure. Notice tiatsame discrepancy between uplift assessments
obtained from time-history and pushover analysaesie®n found by Harden et al. (2006).



Table 5.3. Pushover analysis results

Linear model Nonlinear model
Base shear (MN) 53.70 50.35
Roof displacement (mm) 8.49 10.3

5.2.3. Energy equivalence method

The classical energy equivalence method (Eqnsaddl4.2) is applied to the building studied here.
The considered input data is the maximum rockingnemt obtained by the linear time history
analysis. This leads to S* = 28.31 % angd #M665.36 MN.m : thus, in spite of its simplicityhi¢
method gives a good estimation of the raft upife( error with respect to non-linear time history
analysis; Table 5.2,8row) and also a good estimation of the non-limeaking moment (4% error;
see Table 5.2,"2row).

5.3. Seismic load applied in the three directions of the space

In this case, the unidirectional pushover analgaisnot be applied. Conversely, the extended energy
equivalence approach proposed in Section 4.2 dlnbet used, like the non-linear time-history
analysis. Three different artificial accelerograffg. 5.5), one for each direction, have been appli
to both linear and non-linear models. They havenbaatained from the spectrum of Fig. 5.4. The
vertical accelerogram is reduced by the factor 2 efforts obtained by time-history analysistod t
linear model at the instant where the rocking mamewtor (M, M,) has maximum norm are used as
input data for the extended energy equivalence mdethhese efforts are given in Table 5.4. In order
to check the accuracy of the proposed extendedygrezfuivalence method, the maximum rocking
moments and the maximum uplift percentage obtamethis method are compared with the non-
linear time-history analysis results. Table 5.5umss this comparison, showing that the extended
energy equivalence method gives a good estimatiotiheo uplift percentage (24% vs. 26%). The
estimation of rocking moments is less accurate.

Table 5.4. Time history analysis results for the linear model

The vertical force N (MN) 106
The rocking moment Mx (MN.m) 640
The rocking moment My (MN.m) -504

Table 5.5. Comparison between time history analysis and ex@mhergy equivalence method

Time history analysis Extended energy equivalence method
The rocking moment Mx (MN.m) -10.3 517
The rocking moment My (MN.m) 465 -407
Uplift surface (%) 24.06 26.18
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Figure5.4. Response spectrum (5% damping) corresponding be lkkarthquake (Fig. 3a) with PGA = 0.345 g
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Figure5.5. Artificial accelerograms obtained from the spectrof Fig. 5.4

6. CONCLUSION

In this paper, three methods for the foundationftupktimation under seismic actions have been
compared: non-linear time-history analysis, push@arelysis and energy equivalence approach (also
called “Betbeder's method” in the French literajutdoreover, arextensionof the classical energy
equivalence method has been proposed. The stantighbd is limited to the cases of circular and
rectangular foundations with earthquake directiarajpel to one of the sides. The extension concerns
generic foundation shape and generic earthquaketiin. For a seismic load applied on a building
with an approximately rectangular base raft in direction parallel to one of the sides, the uplift
evaluation obtained by the standard energy equicalenethod is found to be more accurate than the
one obtained by the pushover analysis. In the ohsgeneric earthquake direction, the extended
energy equivalence method has also provided anratecuplift estimation. Results presented here
concern a single case study. Work is in progressd@ase the number of case studies and to give a
robust judgement on the accuracy of the extendetygrequivalence method.
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