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Physical and Mathematical Models for Re-design of Damaged Structures
Modeles pour I'évaluation de structures endommagees

Berechnungsmodelle zur Verstarkung von Bauwerken

T.P. TASSIOS T.P. Tassios, full Professor
Professor of reinforced concrete
Nat. Tech. University structures at the N.T.U.,
Athens, Greece Athens, is the author of
120 papers and research
reports on theory of elasti-
city, concrete technology,
seismic behaviour of R.C.,
etc, in several languages.
Prof. Tassios is member of
the Administrative Council
of CEB and chairman of
some international com-
mittees.

SUMMARY

This report is an introduction to the computational methods regarding assessment of damaged buildings,
redimensioning of repaired and/or strengthened elements, as well as redistribution of action-effects
after intervention. Several physical and analytical models are presented. Revised partial safety factors
for such a redesign are also discussed.

RESUME

Le présent rapport est une introduction aux meéthodes de calcul concernant |'évaluation des construc-
tions endommagées, le dimensionnement des éléments réparés ou renforcés, ainsi que la redistribution
de sollicitation aprés I'intervention. Plusieurs modéles physiques et analytiques sont présentés. De
nouveaux coefficients de sécurité partiels sont discutés.

ZUSAMMENFASSUNG

Dieser Bericht dient als Einfuhrung in die Berechnungsmethoden hinsichtlich der Beurteilung von be-
schadigten Bauwerken, der Neubemessung von ausgebesserten und/oder verstarkten Elementen sowie
der Neuverteilung der Beanspruchungen nach dem Eingriff. Verschiedene physikalische und analytische
Modelle werden aufgezeigt. Neue Teilsicherheitsfaktoren werden diskutiert.
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INTRODUCTION
a) A check-list of steps

Fig. 1 is an attempt to summarise the possible consecutive steps usually
taken after the damage of a structure or after the problem of its streng-
thening is arisen.

In this connection, a glossaryshould also be reminded very hriefly:
Assessment = Evaluation of bearing capacity

Intervention = Repair and/or strengthening ("R+S")

Repair = Reinstatement of the initial mechanical characteristics
Strengthening = Instating of characteristics higher than the 'initial ones.
Redesign = Design procedures concerning interventions.

b) Modeling

In Redesign, several new situations are faced (s.§c here below); rather
unclear structural conditions call for complicated computational methods.
Therefore, in Redesign much more than in Design of new structures, m o-
deling is needed: A possibly clear, reasonably simplified repre-
sentation of a system serves for an approximate prediction of its beha-
viour. A summary of the terminology regarding models in engineering is
shown in Fig. 2,

¢) A note on the contents

Redesign and Strengthening (R+S) has to do with several in ter f a-

c e s, which are due to the damage itself or are created by the interven-
tion: new materials are added to the existing (damaged or weak) building
elements, e.9. concrete to concrete, epoxy resin to concrete, steel to
concrete (acting transversally or axially), steel to steel acting through
a welded seam, etc. Consequently, load transfer from the existing (dama-
ged or weak) element to the additional "reinforcing" materials is carried-
out through discontinuities, by means of un conventional
mechanisms like friction, dowel action, large pull-out actions, etc. The
systematic study of these mechanisms (a kind of a new Strength of Mate-
rials for the non-continuum) seems to be a fundamental prerequisite for
the design of repaired and/or strengthened structures. That is why Part

I of this Report is devoted to a very brief presentation of such topics.
Part II goes from "cross-sections" to "building elements"; the knowledge
of the aforementioned load transfer mechanisms is used for the assessment
of residual capacity of damaged elements, as well as for their re-dimen-—
sioning after intervention.

Sometimes new action-effects have to be taken into account for such an
assessment or redimensioning; and this is the scope of Part III, which
refers to the level of the whole_structures and the re dis tr i-
bution of action-effects taking place at this level.

The presentation of the redesign process is completed by a short Part IV
on the reliability or repair and/or strengthening interventions: revised
partial safety factors are introduced, to cover additional uncertainties
related to R+S technologies or models.

d) Comments

The arrangement of the contents of this Report is mainly dictated by
mechanical terms {type of action, type of structural member) rather

than by R+S techniques or materials; it may be said that such a presen-.
tation is not in favour of the practicability of this document. On the
other hand, it has to be admitted that well established and tested models
in this area are rather scarse, whereas some of them need to be c a 1 i-
brated (by experiment or by means of trial calculations). _
Last but not least, this Report should be extremely short (in comparison
to what it would be needed for such a practical topic).

For all these three reasons, this Report can not be considered as a com-
pedium of models to be directly applied in the analysis and dimensioning
of damaged or weak structures, but rather as a s timu 1l us for
further rationalisation of this process, and as an invitation for substan-
tial papers, filling the existing gaps of knowledge.
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Part I: Load Transfer Mechanisms through Interfaces and
Corresponding Constitutive Laws

1. BY MEANS OF NON-METALLIC MATERIALS

1.1. Compression

Through precracked surfaces of concrete, TASSIOS and PLAINES, 1981,
have proposed the model shown in Fig, 3: During reloading after
tensional cracking, compressive forces are undertaken by the concre-
te, before full recovering of tensional deformation: The protruding
elements constituting the rough interface of a crack are taking a
much earlier c on t a ¢ t, due to their transversal micro-dispa-
cements. Dust grains entrapped in the crack may also contribute to
such an early contact. On Fig. 3a, only overall deformations (not
strains) are presented, since a large part of the total deformation
is highly localised very near to the cracks where local
slips and crushings are chserved.

Through technically made interfaces, carpression is producing additional de—
formations due to the imperfections of compactien and lateral confinement near the
interface. Thus, normal or polymer modified cencrete near the interface, within a li-
mited length "lo", may exhibit moduli of‘elastigity “Eo“ lower than their full mass
modulus "E". Consequently, Al = §.I(1+ﬁ9—:—-§) , the correction factor
depending on the compaction pressure and the fluidity of the addi-
tional material. On the other hand, additional compressive deforma-
tion due to pressure injected cracks may be easily estimated if
crack's width, modulus of elasticity and creep coefficient of fil-
ling material are known. In this connection, the following numeri-
cal data may be used for epoxy resins when specific measurements

are not available: & MPa = =
Eposip= 35007 (1000330000), o, . = 3.

1.2. Tension and adhesion

Terminology is reminded on Fig. 4. Reference is made here only to
adhesion; two constitutive curves are reproduced on Fig. 5 connec~
ting local adhesion stress to loecal slip. An extremely large sensi-
tivity of these curves is expected versus surface treatment, curing,

materials' composition,etc (see, i.a., BATE, 1957, DASCHNER, 1976),
and STEINWEDE, 1977).
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1.3. Friction

It has first to be reminded that friction sources are usually dis-
tinguished into "micro-roughness" (second order asperities) and
"macro-roughness" (finite geometrical anomalies along the interface);
aggregates' interlocking may be classified into this second catego-
ry. This chapter is dealing only with friction due to micro~rough-
ness; macro-roughness is considered in §4.1 of this Part of the
Report.

As evexry other mechanical resistance, friction needs deformation
(slippage in this cases) in order to be mobilised. Therefore, full
knowledge of this mechanism of load transfer is acquainted only

through a constitutive law connecting friction-shear stress Tg

and corresponding slip "s".

led as shown in Fig. 6, based on experimental data of TASSIOS and
VASSILIOU, 1975, as well as TASSIOS and VINTZELEOU, 1978.

For masonry, Fig. 7 shows only friction coefficients as a function
of the average normal pressure acting locally on the cracked section.
Under cyclic loading, concrete-to-concrete friction mobilised may

be roughly estimated by means of the formalistic model shown in

Fig. 8, derived from experimental data of F. ELEIOTT, 1974, initial
point *1" (tgr 51) is supposed to be known on the basis of the mo-
dels valid for monotonic loading.

2. BY MEANS OF STEEL

2.1. Dowel actions

2.1.1. Quasi_elastic_stage: There is a classical modeling of the
transversal action of steel bars imbedded in concrete ("dowel
action") under monotonic loading, based on the subgrade reaction
hypothesis (Winkler space),.as commonly used for the estimation of

the behaviour of piles under horizontal loading (Fig.9.a):

K% o, AY Kb (M. Hetényi, 1946),
A ! TV 4Egdg !

K, = E_:1,5 ¢ (s. Timoshenko, 1934). Several simplifications May lead
to the expressions shown in Fig. 10, taking also into account data
from §2.1.2,

it o+~
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2.1.2. Plastic _compressive_stage

Here again, for the estimation of the ultimate capacity of a dowel
embedded in non-cracked concrete (large concrete covers and/or ap-
propriate confinement), the plastic soil-pile model may also be
used.

The local strength of the concrete is reached and a plastic hinge is
formed in the dowel at a small depth. Two mechanisms are contribu-
ting to a considerable increase of the local resistance fé% of the
concrete above the plastic hinge:

a) Compression is applied to a very small length, resulting in a

b) Longer rupture lines are developped across the dowel, offering a
high ultimate resistance of concrete,

According to existing theoretical and experimental evidence (L.Reese,

1958, B. Broms, 1964, H. Matlock, 1970, H. Poulos, 1971, for piles

in cohesive soils, and H. Dulacska, 1972, for dowels) the final lo-

cal resistance fé; is approximately egqual to 4 to 6 times the un-

confined strength fcc'

Therefore (Fig. 9.b): D
D 20,8.5f .4 .1, 1 = u
u cc db o o 4Eccdb
3 mdy,
Mu = 5-—35—.fsy (plastic yield moment)
. 2 2"\ / . )

Of course, the above simple models may be corrected by direct expe-
rimental measurements of "Du". Thus, B. Rasmussen (1962 has found:

o~ 2
Du_ l,3.db fcc-fsy -

tensile stresses Ot (Fig. 11,i), the length lcr of the bar is not
fully supported (Fig. 11, ii); an equivalent length leq of a
cantilever is sought, having the same additional defle-

ction, so that :

: cY 3 D
S = S +om——— 1% 1 ~ A=
tot cr SESJs eq eq fctbct

(in this expression, deflection due the elastic angle of rotation
at the end of the non-cracked length is neglected) , where
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Sor = dowel displacement corresponding to the cracking load Dcr;
this displacement is calculated by means of an "elastic foun-
dation" model (§2.1.1).

Es,Js=modulus of elasticity and inértia moment of the steel bar

leq = A'lcr' equivalent unsupported length of the bar

A = empirical factor (estimated around the value of 1/3 by
VINTZELEOU, TASSIOS, 1982).

fct = tensile strength of concrete

bct = net width of the section

D,, = cracking load;estimated

On the basis of the distribution of compressive quasi-elastic stres-
ses along the dowel: effective length 2 J\' £fox equilibrlum

! n i - cdb
Doy =3Pt B3 fopn » 149.boy Gy forn (2 TET)
In what follows, this limit load has been empirically taken egual

to 0,4.Du {comp. Fig.1b); for higher loads pdastic phenomena appear.
Thus, if the ultimate load D, is also known (s.§2.1.2), the locad/
displacement relationship may be approximately represented by the

expression
g MPa 4 3
- g TR 2571
Stot = Sort (35 ('Tl) ("_';) [( u) 0'4(Du) ]db .

Here again, an oversimplification could be introduced: Since this
expression is wvalid for 0,4 <D:Du< 1,0, an average value D_:Du=0,7
could be used in the following transformed expression, together

with mean values for fsyzfc s 15, Ectzdb = 3,5 and fsy==420, (ne-
glecting the small value “s "):

| 4
s = 1_,53»5,15.‘%3 (b’l) {1-0, 4.0 =) .4, = 0, 3db(—~—) ,
' u
47—
or, for d.D 2522 mm -D-—~0,7 g

u
This very rough approximation has also been found on the basis of

experimental data presented in VINTZELEOU, TASSIOS, 1982, (s.also
Fig.12).

Regarding cyclic loading, some formalistic data are shown in Fig.13,
based on the experimental findings presented in VINTZELEOU, TASSIOS,
1982; their validity seems to be rather limited.

2.2. Bond actions

2.2.1. Local bond =_local slip models

For a large category of phenomena of structural behaviour of rein-
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forced concrete elements (especially those related to deformation
characteristics of these elements after cracking), the interplay
between steel stress Oy concrete stress Oy l] ocal bond stress
T, and 1l o c a 1l slip s along the steel-to-concrete interface

is of fundamental significance. Therefore, some models regarding
local bond versus local slip relationship are reproduced in what
follows. ‘

As far as the monotonic loading is concerned, a simplified physical
model is first reminded (Fig.14). However, it has to be noted that
this constitutive law is not unique along the steel element; near
free edges and cracks, a gradual decrease of the critical values

of bond stresses and slips is observed and should appropriately be
taken into account (see i.a. TASSIQS. 1979).

Cyclic bond actions, according to a physical model of TASSIOS, 1979,
may be followa2d by means of the simple constitutive law shown in
Fig.15. A more precise formalistic model is reproduced in Fig.16.
Time effects in bond behaviour (bond-relaxation and bond-slip=-creep)
may be treated by means of the empirical data shown in Fig. 17 and
Fig. 18 (PLAINES, TASSIOS, VINTZELEOU, 1982).

. S D T w— G v o i, St S S

On the basis of the "element-model" of the previous paragraph, sim-
pPle algorithms may be written for several casesof embedded axially
stressed bars: The length of the bar is divided into a number of parts
of sufficiently small length Ax, where the basic relationships of
Fig. 19a are repeatedly applied. Boundary conditions are shown in
Fig. 19b, Thus, analytical restults of "mathematical" puli—out/pushf

in tests may be carried-out as shown in Fig. 20.

2.2.3. Dowel-bond interaction: Much less advanced models are avai-

- —— —— v — —— T — i T ot T S i Sy

lable for this topic. What follows is only an oversimplified pro-
posal, suitable for any practical interaction-function (see i.a. K. Kri-

‘ n
panarayan, 1982)(%3_) + (EB_)n =1, n= 132,
u u

Each force, in the absence of the others is mobilised by a corres-
ponding displacement; thus D = D(s) and B = B(w), Fig. 21. A mutual
factoring is proposed in order to estimate "interaction values":

D, = D(s).($—li), B, & B(w).(1--§-), where "s" and "w" are shear
i IR i ] S,

and extensional displacements correspondingly. Ultimate values are
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also factored:

B* =1 (1--EL), B* = B (1--5-). Therefore, the initial intera-
u u L u u Sy

ction function is respected. Nevertheless, it is not suggested to
apply these rather strong interaction relationships for low values

of "D" and "B", (8ay, lower than one third of the ultimate) .

2.3. Confining action

Steel may also indirectly contribute to load transfering when used
as a collar element. A threefold action may be envisaged: a) Con-
nection of additional longitudinal rolled shapes, b) Shear resistant
action, c¢) Triaxial effects on the confined concrete element.

The confining action of a steel collar may be mobilised by several
means: |

Differential Poisson's deformation due to additional
axial stresses cé (acting after taking off of shores). In such a
case, the resistance of the collar as a closed frame against hori-
-zontal deflections generates horizontal pressures cﬁ (Fig. 22 ii)
near the corners. For compatibility of deformations near the edge near

(strip ABCD), the following simplified equation may be written

1 t
v. &b a _Cs
B Ec Gg Eg
whereas for equilibrium
b
o

O, =0y % -
Notations are explained in Fig, 22; additionally:
v = Poisson's ratio of concrete
A = correction factor considering the fact that the strip ABCD is
not detached
b = effective width where uniform internal pressure is supposed to
act; it may-be calculated after the analysis of the frame is

carried out:

2
o! o d“o, 2
e _ X 4, b s _ _bd v _d™
Yy = (\) = . ) . Y = 7 d.o -7 J
E, E o "2/ 2E_o. dx 7 Y dx

i;=_1_=[M __ b d'm
ROEGI, 2E_ o dxz .

Prestressing of collars may be another means to mobilise its confi-
u

ning action. Initial prestressing value “oso will be reduced (be-
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cause of concrete creep "o") by

hP'bo = c-SP-t = (aso-ouo.chp)-t.

Preheating of collaxs is another possibility. Compatibility and
equilibrium equations in this case are written as follows:

AOSP"a"(p-chP ) (“'—"ES:‘EC) . Thefe_fgre a

g
hT d . _ _ _ _8T
c s b s

- o
9%t = %hr"t

where To = initial steel temperature

AT = temperature loss up to wedging of the collar

Ay = thermal ccefficient of steel,
Due to the final steel stress o5 2 diagonal force equal to gg Svr5_1
is applied to each corner. An appropriate friction coeff1C1ent L
(s. 8II3.1) may secure the local transfer of an axial force equal to
aN = u_,.0 A\Z' from the concrete element to the longitudinal steel
rolled shapes, if provided. Simultaneously, at least half of the
cross-section of the concrete element (Fig. 22 iii) is profiting
of a triaxial effect, due to a lateral pressure

% = % " ba_ *%.

Finally, additional shear resistance, due to truss—action of the
collars, may be mobilised immediately as long as full wedging of
these collars is secured. To this purpose, a certain minimum of

confinement is necessary.

2.4, Steel to steel load-transfer

For the sake of completeness of the framework of this Report's con-
tents, the structural behaviour of steel~-to-steel connections
should also be discussed in this chapter. Some of these connections
are shown in Fig. 23, together with some simple models describing
their structural behaviour. The model "c" needs a brief derivation
of .an expression for the local lengthening Al of the joint, due to
the straightening tendency of the non-colinear forces Fl which are
trans ferred from the existing to the new reinforcement (Fig. 23¢) :

Total vertical displacement of the joint Ah = Ah +Ah = (—~*-+
1

+ TR ).Fw = A.Ew .
Sw B h-h o 1
Force offered by the stirrup: F_ = 1,5 =y— = h:d (M55 -
! 1
Total “lengthening“’ Al = Ah.l % [Ah + Ah ] )
h
Therefore Al = {Eaﬂ+1 3 -—(q.-i-B] [(o.+B) +0,7 1] } E.ﬁ,
1

a===— , B =
C

AszB
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3. ALTERATIONS OF CONSTITUTIVE LAWS DUE TO NON-MECHANICAL ACTIONS

Damage or weakness due to environmental actions may drastically
modify the constitutive laws of structural materials. Assessment
of structures cannot be realistically carried-out without full
knowledge of these modifications.

In Fig. 24 and 25 experimental data are reproduced, concerning
alterations of materials' behaviour due to fire.

Some data are presented in Fig. 26 concerning consequences of
corrosion,

The subject, inspite its great practical importance, cannot be con-

sidered as sufficiently covered by available information.

4, COMPOSITE MODELS

Sofar, individual-models have been considered, regarding interface
load transfer through a specific material, under specific conditions.
This chapter is devoted to some models concerning load transfer

through several materials and several mechanisms simultaneously.

4,1. Shear through crack

The kinematics of such a composite model and its force response are
dependant on the micro-geometry of the crack faces (or, more gene-
rally, of the interface). As a matter of fact, this geometry is of
a very stochastic nature and it is bound to be modified during the
loading itself; therefore it can never be realistically predicted
or reproduced. Nevertheless, several simplified geometrical forms
of interfaces may be investigated, in order to build-up a structu-
ral model numerically inaccurate but physically sound. Its subse-
quent calibration (by means of experimental data and or numerical
parametric studies) will produce predictions of a much larger vali-
dity and broader applicability than any formalistic empirical mo-
del.

A rational crack-face morphology (parabolic segmentsg has been studied
by FARDIS, BUYUKOZTURK, 1979, leading to a direct expression of the
shear force transmitted between two concrete blocks, separated by

a crack., External bending moment and axial force are known; all
mechanisms of shear transferv&ﬂe supposed to react elastically.

In what follows here, a simpler crack-force geometry is considered

in order to facilitate a more general modeling of all load-transfer
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mechanisms, being taken into account with their non-linearity and
their actions' -~ history dependence. Inclined linear segments for-
ming an interface were initially considered by P. and H. BIRKELAND,
1966 (and were also taken into account by TASSIOS, TSOUKANTAS, 1978,
in modeling large precast panels' connections). Deformations of
these asperities are not considered at this stage.

The interface is crossed by steel bars of arbitrary direction, dia-
sidered. First, a closed crack is examined (Fig. 27a); a shear dis-
placement "s" is imposed along its plane and a local opening

"w" = 2stan a is proposed. As a consequence, transverse reinforce-
ments are submitted to a local extension "w'" and a local kinking
"s'", both expressed as functions of the imposed displacement "s"
(and the angles "a" and "8"). Correspondingly a bond reaction "B"
and a dowel reaction "D" are mobilised which, together with the
friction force "F" (and the normal reaction "R") along the contact
area cc' of the crack-face, constitute the res is tances
of the crack-element considered. ,

Given an "s"-value, the kinematic parameters "w'" and "s'" are

fully determined. Therefore, the steel reactions D and B are also
fully determined (s.§2.1 and 2.2). For the friction force F (s.§1.3)
the value of the normal force R would also be needed, in order to
select the appropriate constitutive curve (t1,s) for a specific va-
lue of normal concrete stress. Consequently, in the two equilibrium
equations (Fig. 27b) remain three unknowns. Nevertheless, the crack-
element considered belongs to a general crack of a building-element.
Therefore, due to the i n cremen t a l shear displacement ap-
plied here, the "external" local forces V and' N acting on the crack-
element cannot variate'independently; a‘relationship f(av, AN} =0
does exist in every specific case (e.g. N=0 or AV:=ANletc)u

Thus, for a given shear displacement, incrementally imposed to a
crack~element, its response is fully determined, provided that a
positive value for the reaction R is found.

Otherwise, a fully open crack should be considered in the next step
(Fig. 28), starting by an initial value w_, In this case, for
the subsequent increment of displacement "s", the kinematic data
"w'" and "s'" contain an additional unknown which is the new crack-
width "w" (now not submitted to any geometrical restriction as a
function of "s"). Therefore, in the two equilibrium equations,
three unknown are again present; the additional condition f(AV,
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AN) = 0 will complete their determination.

As a consequence, the response of every ineplane cracked R.C. sy-
stem may be fully defined step by step as a function of the shear
displacement. Fig. 29 gives an example of application of the above
model; any "sub-model", so to say, exXxpressing the behaviour of

each load-transfer mechanism, may be used as an input of this compo-
site model.

Relatively little sensitivity has been observed for angle "a"-values
varying between 1:5 to 1:15. ,

A somehow similar application may be seen in Fig. 48.

4.2. Shear through glued plates

In the oversimplified model of Fig. 30, a part of the glued sheet,
corresponding to an inclined shear-crack, is undertaking the shear
force Vw trans fered through web. The distribution of the adhesive

"Tgl" along the height of the sheet may be found by means
of the model presented in §2.2.2, where a constitutive law like

that shown in Fig, 5b will be taken into account.

stresses

However, for design purposes a rough approximation of the mean value
?gl could be sought (Fig. 30), e.g. Egl = 0,4f , so that the thick-
ness of the sheet "t" and the bond strength "fb“ needed should ful-
fill the following conditions (which, of course, must be completed
by the appropriate partial safety factors):

£ v,
t > 0,41 , == , > 2 o= .
o T % ar,

Part II: Remodeling of Building-Elements
(for assessment and redimensioning)

1. BEAMS AND SLABS

—— e . ———

data like those presented in Fig. 31. Formalistic models may also
be used, like those proposed by THOMPSON, PARK, 1975; an example

is given in Fig. 32. Fully analytical models may be.built—uP on the
basis of the fundamental data presented in Part I.

After-repair stiffness K.r as a percentage of the stiffness K, of
the repaired or strengthened section as if it were monolithic,



50 PHYSICAL AND MATHEMATICAL MODELS

alternative

I g_l_d\ " L —— 1 solution

f

i 5

Ity T

| glued

. steel

| sheet

' inglipe

A fa +
e _ < (1‘§) +d-t ‘fsy Fig. 30: An oversimplified

E = (2 edelg- Igl 1 model for shear-

S > =V, force transfer

(§ 03) T— 2 through epoxy-re-

=0, i sin glued steel
lo= min {ar ) (l-§)-d} sheet,
A
100
- (;,8 : l‘\ KK Fig. 31: Empirical values for
2 " ~ L residual stiffness
S @ 060} Kk = | s=015 after damage. A scat-
£« 040t PP A tering equal to s
S K" lk:k Vi N should be taken inte
€ 020] N $=0,10 account
0

0,:2 04 06 0B 1,0’
—» level of loading

REINFORCED
Mol/To) CC% CONCRETE

1
4 -fi.l_ 1+ -—Mo 4
M-Mo  Kj Mc-M
i/r ¥
v Me <=MG.Q-°'OS. oM 5)

>0.50MT

My

..... 18

Rm '
ggszTRREE'?EED Fig., 32: Formalistic models
(Thompson, Park, 19875)
L Mg for cyclic bending
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may be estimated by means of empirical data (e.g. Fig. 33) or may
be calculated by means of a simplified analytical model. There are
two causes of interface slip (s. Fig.34), between existing section
"1" and additional section "2":

a) Shear stresses Tl'z at the interface are transfered by adhesion
(§I.1.2); a corresponding slip s = 11'2:k will take place, where
K 2 10$20 KN/mm>

equation may be written:

(s. Fig. 5). Refering to Fig. 34, the following

M
Monolithic rotation am_1_23 |
dx K
m q
dd._ + AdY
, . dor X 1 MQ
Final rotation (after slip) (= ) = =— = ==
dx dx r. Kr
. S P AdS
. e KrnKm = lo(l+ d'a‘r) 7

where dg
m

651.dx:(d1-x0), € t k

s1 = %1,0° By 57 71,2

Adeo = S:(d1—xQ-+xQ.d2/d ), Ty, Vb:bo.],
b) Straightening of the non-linear connection between existing and
additional reinforcement, according to the model shown in §I 2.4
(Fig. 23c¢), create an additional "strain" of the tensioned fibre.
If la is the distance between consecutive points of welding, this
additional strain is equal to

2
Al h 1 1
Ae =—=E, == where E = E{ r 1, F.) see §2.4.
s 1, 11, A dEC 'ASWKB 1

(The stiffening effect of dowel moments has been neglected).
In this expression (see also Fig. 34):
h, 1 = height and length of the welding joint

Asw =new stirrup's cross-section, corresponding to each additional
bar

Ky = pullout stiffness for the stirrup (see §I2.2.2).

@ = the diameter of the bars of existing reinforcement

F1 = the additional tensile force to be transfered to each new

steel bar at the welding joint considered.
Therefore, neglecting the additional concrete strain which corres-—
ponds to this Aes, one could write:

; Ae
1__€S+€c_fb l_eS+AeS+ec_ ) = 4 s

T -4 K ‘T 3 =K Nttt e A
m m he r s C

where €_ and e, are known quantities from the dimensioning of the

composite section as monolithic.
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8trength of cross-sections after damage may be evaluated by tradi-
tional models based on materials' sub—models presented in Part I.
Nevertheless, based on experimental findings, a more simple design
method may be used, under certain limiting conditions: Re-dimen-
sioning may be carried-out taking into account the entire section,
constituted both of the 0ld and the additional materials, as if the
final section were monolithic. Obviously, such a hypothesis leads to
strength and stiffness characteristics (M r V ’ Km) higher than

u,m’ “u,m

the real ones (M, ., V ' Kr). Corresponding correction factors
14

u,r
are foreseen by the Greek "Recommendations for Repair", as

n

Y

n
follows, provided that appropriate specifications and detailing rules
are met:

. - ]

Epoxy glued plates: g l, provided that AMu,add < O'S'Mu,exist;
Concrete cast on top and/or on sides (gogether with additional

welded steel bars)

1 1
when AAC < 3Ac when AAC >-§Ac
. _ 1,0 for slabs M M = 0,65 for beams
Mu,r'Mu,m -~ 0,8 for beams g™ty

Vu,rzvu,m = 0,8 for beams

Shotcrete (plus additional welded steel bars)

M <M _ 1,00 for slabs

u,r * u,m 0,80 for beams
Vu,r zvu,m
Joints repaired by means of external collars or bands

AV, p® AV L= 0,5,

0,80 for beams

2, R.C. COLUMNS

2.1. Residual characteristics

Axially locaded columns are considered here first. If the damage is
not caused by an (over) loading, residual characteristics may be
evaluated directly by means of the alterated constitutive laws
(e.g.813). Yet, buckling critical load of columns is not proportio-
nally influenced, unless the damage is located near their critical
length (central third of the equivalent buckling length). In case
of a mechanical cause of damage, taking into account a pathological
image as shown in Fig. 35a, one should consider two sources of re-
sidual bearing capacity after concrete's yield: Concrete's response
along the descending branch of its "o-e¢" diagramme (Fig.35b), and
naked steel bars! resistance before their complete buckling (Fig. 35c).
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In this connection the confining action of the stirrup (Fig. 354)

is of a basic significance.

Thus, following-up the gradual increase of column’s shortening,
FROUSSOS and TASSIOS, 1982, have found theoretically post-yield force
displacement relationships shown in Fig. 36, depending on the buckling
mode of longitudinal bars and the percentage of concrete's cross-
section popped-out during the process, .
Laterally loaded columns, especially after damage produced by an
earthquake, may be assessed if the data represented in Fig, 37i are
previocusly known: "unexpected" displacement "a" and residual displa-
cement "qres"‘ Models discussed in §I.4.1 may be used in order to
predict stiffness KQ, versus a possible new loading, and available
moment capacity AMu.

Fig, 37ii illustrates a simple method of checking possible instabi-
lity conditions created after damage (Mg, Mi denote externally ap-
plied moments and internal moments mobilised by the imposed defor-
mations) .

Finally, empirical formulae predicting response degradation (when
some data on deflections caused by an earthquake are availabde) may
be practically useful in assessing seismically damaged columns
(Fig,37a).

2.2. Jacketing

A R.C. jacket is shown in Fig. 38a, together with several "load tran-

sfer paths”" (Fig.38b). Number "3" and "5" mechanisms are inéluded

in the model of the previous paragraph, whereas number "4" cannot

be reliable at all. Therefore, mechanisms "1" and "2" will be con-

sidered here, Load-transfer sub-mechanisms are to be expressed in

terms of slip between column and jacket, which gradually mobilises

each mechanism. Finally, for each value of column slip, superposi-

tion of all forces undertaken by each mechanism will be carried out.

(i) Load-transfer “TS" between original and new longitudinal reinfor-
cements (s.8I2.4, Fig.23a).

(ii) Dowel actions "Td“ at the legs of the bend-down bars (comp.§I12.1).

(iii)Concrete to concrete friction forces, due to differential Pois-
son-effect (comp.§I2.3).

Refering to Fig.39, the following eguations may be written for the

simpler case when no load at all can be transfered by the damaged sec-

tion x= 0%
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x [o] g
S. =8 + 1 2
x %o (77— ~ g=)dx (1)
o/ Ec1 Ec2
T, = f(Sx,ay), (Fig.B) (2)
~ 0
5 v oty 2.2, 1 N
Y 1"E, "2E,, || By .E .| (3)
Eczz(1 tas.i‘) 1’ fci:
&
o.=| = .8t. :
. [a’x (T, + / T, .8t dx] ‘A, (4)
X
(Tg) = vi(s,), (Fig.12) (5)
tot = =
al T aix(TS)i' "5 z(sx), {Fig.5) {6)
(01 Ac1+ °2Ac2+ total 'rs) = N , (7)

X
The above system of equations has a solution at every cross section
along the column (7 unknowns at each x-section) as well as at the
X=0 x-section where 01'0= 0. It can be solved by trial and error,
although double convergence problems have to be solved. Fig. 40 gi-
ves some results of this model (TASSIOS, 1982). Similar methods may
be used in the case of repair by means of large rolled-shapes fixed
on the four corners of a damaged column through preheated collars

(comp.§T.23).

2.3. External collars

‘External collars are used mainly when ductility increase is the prin-
cipal aim of R+S., Nevertheless, shear (and sometimes axial)strength
may also be favourably influenced by these additional hoops, (s.§I1.2.3
and Fig. 22).

There is experimental evidence (i.a. ARAKAWA, 1980) that for columns
columns have the s a m e strengthening effect like hoops initially
incorporated in the column; ocbviously, extra thicknesses are reque-
sted to counterbalance construction needs and possible durability
effects. Therefore, models predicting ductility of monolithic columns
as a function of transversal reinforcement (e.g. Sheikh, Uzumeri,
1979~80), apply in this case too.

3. INFILLED FRAMES

3.1. Shear behaviour of infills

Due to the complexity of the structural system examined in this chap-
ter, formalistic models regarding relationships of shear stress "t"
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to angular deformation "Y", would be of a considerable practical
importance in modeling infill frames.

Masonry infills exhibit a "t1-y" behaviour similar to that shown in
Fig., 41; a very large scatter is expected due to the large variaty
of materials, construction techniques and testing methods.

R.C. infills' behaviour may also be roughly predicted by similar
diagrammes , although physical and analytieal modeling would

be easier in this case (comp.§II.%).

3.2, Diagonal strut

One of the most simple models of the composite action of a masonry
infill is an idealised diagonal bracing strut, having a width "bw"
(Fig.42), which leads to the same horizontal displacement of the
infilled frame, {TASSIOS, 1980).

A more elaborated approach is used by SMITH (1969), calculating the
lengths of contact between infill and the legs of the frame near the
compressed corners, Based on Smith's experimental findings, one could
also approximate strut's width by means of the expression bW=0,1.L.
sin2a (s.Flig. 43 for notations).

MAINSTONE (1971) has also valued this width as

bw:2lcosa = A(h4EWtwsin2&=Echh)-u where "A" and "u"denote constants
and Jf is an average inertia moment of the frame. Practically, for
brickwork infills Mainstone suggested bw,zO,Z.L.cosza.

Finally, YAMADA et al. (19 ), for R.C. infills at their maximum

capacity, have estimated
b

T £
—ﬁw--%i-f- pw.?:si.sinZa
where Tu = 0,2fcc, shear strength of plain concrete
Py web steel ratio (equal in both horizontal and vertical
direction) .
The considerable differences observed between these (and several

other) proposals are less important than the physical differences
due to quality of materials and workmanship. However, the strut mo-

del should not b& used but only in modelling linear behaviour of the
system; for strength predictions, such a model is not reliable.

3.3. Further analysis

A less simplified approach is needed in case of more engineered in-
fills (like R.C. infills connected to the frames by means of bolts).
Finite elements is possibly the most powerful modeling method for
such a composite building element. Based on the sub-models of:
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e Material behaviour (Fig. 41)
e Friction between concrete and mortar (comp. Fig. 6).
® Linear finite elements modeling of the frame itself,
A finite elements model of an infilled frame may easily be built-up.
MALLICK et al.(1967) and STORM (1973) have applied this method, both
for static and dynamic loading.
Compatibility between deflections of frame's legs and infill's dia-
gonal strips of two directions, is another principle developed by
YAMADA et al. (1974) for R.C. infills. (Fig. 43).
It is interesting to reproduce here a set of experimental results
(SUGANO, 1981) regarding the overall behaviour of a R.C. frame in-
filled with several materials and techniques, compared to the beha-
The experimental finding that strength and ductility are complimen-
tary, v Y

(=) (1) 21, is worth to be noted.

v
u,m Yu,m s

3.4. Dimensioning

Using one of the previously described models of the composite action
of infilled frames, the shear and axial forces acting on shear con-
nectors may be calculated; similarly, forces transmitted within the
body of the infill are determined. Nevertheless, under some condi-
tions another oversimplified model may also be used for dimensioning,
taking care for the appropriate partial safety factors. Fig. 44 is

a schematic presentation of this model; several conservative situa-
tions are alternatively considered (see Fig.44 for notations).

a) The infill is fully wedged: The compressive behaviour of its main
diagonal strut (width “bw", §3.2) should be secured., Therefore

V. L 1
N W G i o
Y —— =y m—— & R (a)
n bWtw n lwbwtW —v;gg

where “Yn" and "Ym“ denote partial safety factors taking care of
the inaccuracy of the model and the quality of infill material, res-
pectively.

sion forces "P" are required for equilibrium. Consequently, both
infill's horizontal edges and the shear connectors have to with-
stand "P". I.e.

5884, conn.’ Ym (by)
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Of course, for the same extreme case, the horizontal force HW must
be entirely transmitted to the infill through shear connectors at
the upper interface:
< »
anw H Du,conn. (bz)
Interaction should be appropriately taken into account (§I.22.3)

when estimating B and D

u,conn. u,conn.
¢c) The nominal shear stress Tg = YoVt l,t, has to be safely taken

by the body of the infill, Web reinforcement may be calculated by
means of the simple friction_model, foreseen in the seismic Annex
of the CEB-FIP Model Code (§11.6.5.2.3).

d) The total shear force "V" to be taken by the infilled frame, may
be splitted into Vf and Vﬁ' as a function of a common angular defor-
mation "yY", on the basis of the corresponding constitutive laws

(Fig. 444d).

A calibration of this oversimplified model is needed before it is
used in design.

The bearing capacity of short tensile anchors with anchorage head
(Fig. 45) is governed either by the tensile failure of the steel
itself or by the pull-out strength of a conical failure surface
through the concrete.

Failure governed by steel: P = As'fsy

Al : nominal cross-section of unthreaded anchor shank, or effective
tensile stress area of threated anchor shank

fsy s specified minimum yield stress or 0,9 fSu in the absence of
a clearly defined yield point.

fSu : specified minimum ultimate strength

Failure governed by concrete: P_ = n.l(l+d).f_ .

fctm : mean tensile strength of concrete

1 :+ embedment length

dh : diameter of anchor head

A “yn" factor equal to 0,65 is suggested for design purposes.
The following expression may be used for small edge distances

Projected area of partial cone )

' -_
Pc: Pc'(Perected area of complete cone

4, R.C. WALLS and DIAPHRAGMS

4.1. Residual characteristics

If a complete model for R.C. structural wall is available, it would
also be used for a R.C. wall's assessment after damage. E.g. in the
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idealised truss model , sub-modeling of constituent 1linear

menmbers (axially tensioned or axially compresséd R.C. elements,
may be carried-out the same way as in Fig.43, provided that sliding shear is excluded.

Step by step increase of horizontal displacement "u" and correspending analysis of the
truss, result in a "v""vs. "u* relationship,including falling branch or

even cyclic behaviour (provided appropriate sub-models are available).
Therefore, out of a constitutive law of a R.C. wall, a rough asses-
sment of a damaged wall is possible. Input data needed: degree:of
cracking, possible signs of steel yielding, residual angular defor:
mation, local spalling of concrete, (comp. Fig. 37a).

4,2, Redimensioning

Simple cracking repaired by means of epoxy injectiocns, does not need
any re-modeling since such a repair is based on the assumpticon that
the wall is correctly reinforced and detailed.

Jacketing of a damage R.C. wall is meant to: i) bring down the nomi-
nal shear stress (stiffer and stronger diagonal compressive strut,
comp.§ 3,2), ii) provide the necessary additional shear reinforcement.
Two redimensioning problems do arise:

'a) Transversal shear connectors should ensure the horizontal load
trans fer from the damaged wall to the jacket. If the constitutive

laws of the two elements are known (s.8IIL4.1), the required stress
level "t" should be shared by the existing (ro) and the jacket wall
(Tj):

T T.
§ o P ol el
Y Kl KJ K'+Kj Fi (S. Fig. 46). .
' 1
Therefore, a part Vj = V:(1-+%L ) of the total horizontal force "V"

will be transfered to the jackét by means of "n" horizontal shear
connectors, Each of them has to resist a dowel force

h 1
v Vo K' _ ‘ww

where'“tadh" denotes a sufficiently low value of the adhesion strength
which may be developed at the wall-jacket interface (s.8I,1.2); in
principle, such an adhesion is‘quite reliable in this case of self-
cured in ternal surface.

b) A second problem concerns the dimensioning of the jacket itself
(thickness and web reinforcements). To this purpose, the simple
friction model used in the Seismic Annex of the CEB-FIP Model Code

may be applied here too: (5§11.6.5.2.3).
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Finally, it has to be noted that the level of future loading of the
repaired or strengthened wall is highly affected by the nature of
actions expected: Stress—controlled loading equal to that it has
damaged the existing wall (s.Fig. 46) leads to higher values of Kj
(higher participation Vj:V of the jacket)but lower jacket strength
required. On the contrary, strain-controlled actions necessitate
lower Kj—values and may need stronger jackets.

Flexural damage of R.C. wall calls for a strengthening of its boun-
dary edge elements, which turns to be essentially a repair or streng-

thening of c ol umns (§II.2).

4.3. R.C. diaphragms

This is a special case of in-plane loaded building elements. Their
possible damages or wedknesses are mainly due to tens ional
insufficiency; hintered shrinkage and seismically induced tension

forces (uneven distribution of horizontal forces to the stiff ver-
tical elements connected to the slab), may produce tension cracks.
The necessary additional tension reinforcements are introduced in

concentrated zones, mainly along the boundaries of the slab; their

model (Fig. 47).

5. MASONRY WALLS

5.1. Residual characteristics

It is much more difficult to assess quantitatively a damaged mason-
ry wall by means of its constitutive law (e.g. under shear loading).
Nevertheless empirical diagrammes like that given in Fig. 41 or
specifically prepared out of an appropriate model (Fig. 48), may be
helpful when an attempt is made to estimate ,roughly though, the re-
sidual characteristics of a damaged masonry wall.

5.2. Jacketing

Shear connectors may be désigned as in the case of R.C. walls' jac-
kets (§4.1.a); appropriate stiffnesses have to be sought in the cor-
responding constitutive diagrammes (e.g. Fig. 48 for masonry and
Fig. 46 for R.C. jacket).
For the total bearing capacity of the repaired (composite) wall, a
fully plastic solution (neglecting the incompatibility of deforma-
tions) would lead to the following equation:

RitVp1-R * Yn2(Ry,0” R )

Rtot = j 'n1°""w,res W, res
where
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Rj = strength of the jacket

RW,O = jnitial strength of the masonry-wall

Bw,res = residual strength of masonry-wall

Y1 = model uncertainty factor related to the incompatibility of

deformations
After repair, there is a relatively low probability for full coinci-
dance of the existing cracks and the future cracks of the jacket.
Therefore, a certain part Y2 (<< 1) of the neglected difference
"R R " available in the new cracks of the masonry, might be

W,0 “wW,res
taken into account.

Semi—empirical expressions for estimating the shear capacity of masonry walls:

Plain masonxry Tuu™ 3 ﬁwf fo
wt

For reinforced masonry, existing experimental data do not allow for
a fully quantitative prediction of its strength. Further modeling
is needed.

Finally, a simple superposition model has been developed in China
(NIU, 1982) for double reinforced mortar jacketing on low quality

brick masonries subjected t0 seismic loading:

_ 2
Riot ™ 3 CJ‘W"Rw,res % OLm'Rm + ARy

where
Rw res twu.AW, non-cracked masonry
’ 0,7.GO.AW, cracked masonry
Rm = shear strength of the mortar
Rs = 2Asfsylw:a§
AS = cross-section of each bar of the web reinforcement
a, = spacing of bars

(both horizontal and vertical reinforcement is provided)
o

0,10 + 0,06.{9—, non-cracked masonry
wt

S

%m 0. cracked masonry
a, = 1,0,

1,00, cracked masonry
1/3, non-cracked masonry

For the same repair technigue, the stiffness of the composite wall

is given by the eXxpression
1,0, non-cracked

k= B’EWAW'*EmAm’ B<<:1/3, cracked
where indexes "w" and "m" denote the material of the wall and the

mortar respectively,.



68 PHYSICAL AND MATHEMATICAL MODELS

7 20y (* 155y EQUILIBRIUM
I':'.thf:c"'lp/\y‘i "V/ﬂ =0
Fi+by+ Pl -F bV -h=0

e
; P Oy = Qufy s Oct0y= Ao
@+):V2 =DE) +TE) —=S
x
T=T-xt !
NUMERICAL v SUBMODELS D

Dowel

EXAMPLE B4 a,
Pa /,
3
1,80m y o , S
)
Putlout —_
T Friction

HORIZONTAL FRAME, TORSION

/= §§ntre SM'? Eie
Ze AB )
T

-h

DIFERENTIAL SETTLEMENT OVERTURN&\IOG
A L«

8 As . tensile strength
A %- 2 sina § of masonry F™ Vn"h[% - !-;“—
D D=bytwEw %-l 5°°'fwitw’ As-sina

L e Wj¢=vertical load

s =+ 2 K.D-si above Kth floor
s . [ = #Dcosa , 2 KD-sina hy = tever arm of Yy

ool @

K
wos0  yof Ko A=a50 ¢ @
A*0,70 /——-__-— =0
//_——;-m 4:__——"1.%30 g /(
a ;”'—/ e s S VY 7' o
0 & Ah~10 d-tonu 10>
930 - - p
: “(‘ssvsswnﬂ H/D 3456;29!0"12;-;10 M
100 RR_ 20 Koo Kpr
R _—=——1 Y el B v A
wf 3t , | Ah-ys-dlonid”
/Cx-mo i
940 1. '
T Siisswnm HI’D +D+= Ah-z,u-d-tunu-lo's
[0 - Koo KD:][G] kg {2Ee -saon?]_[»m “o.na] 2
M) lkro Kreilo 6Elo)? -4Elof [{Koro  Korm

Fig., 48: The stereosta-~
tic model for reinforced
masonry walls under nor-
mal and cyclic horizon-
tal loads

Fig. 49: Oversimpli-~
fied models for the
analysis of streng-
thening-belts (or ho-
rizontal tie-rods)

AB and corner - co-
lumns (or vertical
tie-rods) BC.

Fig., 50: i) Parame-
tric calculation of
stiffness indexes of
a damaged R.C, co-
lum (Syrmakezis, Vo-
yvatzi, 1983)

ii) Rough estimation
of "sattlement" of
damaged columns



3%?% T.P. TASSIOS 69

5.3. Reinforcing-belts, corner columns and tie-rods

One of the well known techniques for strengthening masonry buildings
(mainly against earthquakes) is to provide additional linear elements
along all vertical (internal or external)eddges, as well as along

all horizontal levels of floors (of both external and internal walls).
These linear elements may be R.C. belts and columns or just tie-rods
(slightly prestressed,as a rule); all of them should be carefully
interconnected.

Simple conceptual models for the spatial analysis of those elements
are presented in Fig. 49. More sophisticated models are also availa-
ble, incorporated in several finite elements programmes for wall

systems.

Part III: Re~Modeling of Structures

1. STIFFNESS CONSIDERATIONS FOR DAMAGED AND STRENGTHENED BUILDING
ELEMENTS

1.1. Damaged building elements are suffering a certain decrease of
their stiffness versus deflections (beams and columns), versus axial
shortening (columns) and versus angular deformations (walls). As

a consequence of such a decrease of stiffnesses, a considerable re-
be alleviated, but intact elements close to the damaged ones are
additionaly loaded.

Both modifications are important: Lower as it may be an action-ef-
fect of a damaged element, it may still be higher than an acceptable
percentage of its corresponding residual strength. And, obviously, we
wish to know the safety margins left to the adjacent building eler
ments, after their overloading. To this purpose, stiffness modifi-
cations after damage should be estimated, even roughly. Thisis$ the
reason each chapter of Part II of this Report was devoted to a pos-—
sible estimation of residual characteristics after damage, local
stiffnesses included. However, stiffness is a much more difficult
characteristic to be modelled than strength.

In any case, as soon as residual stiffnesses (EJ)', (GA)', (EA)' of
the damaged length are estimated (possibly as percentages Aj, AG'

A., of the corresponding initial stiffnesses), the t r an s fer

E
matrix method may be used in order to calculate the modified
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stiffness indexes KDD' KDR’ KRR’ KL at the end of the bulding ele-
ment (D= transverse displacement, R = rotation, L = longitudinal
displacement) . An output of this technique is given in Fig. 50,1.
Redistribution of action-effects is also induced by local settlement
of the support of a continuous beam, due to soil conditions or to

a local damage of a column; this is a di rect cause of redi-
stribution. Imposed delayed deformation due to soil conditions has
been repeatedly the subject of modeling,

which may also be applied for the case of rapid settlement due toO an
abrupt damage; however creep effects will not be taken into account
in this case. Finally, an estimation of the order of magnitude of
this abrupt settlement is attempted in Fig. 50,ii.

It is however worth to note that even large percentages of 1l o c¢c al
bending-stiffness losses are not very important for the overall be-
haviour (Fig. 51).

1.2. Repaired building elements are subject to stiffness' increase
which is expected to increase the action-effects of these elements
when future loads will be applied. Therefore, such stiffness' incre=
ase should be somehow estimated, especially in cases of Jjacketing.

To this purpose, a formalistic approach might be first used: Two
"envelop" analyses may be carried out on the safe site; one regarding
the same element, taking into account the ma X i mum stiffness
(initial column plus jacket, as if they were monolithic), and one
regardiing the adjacent building elements taking into account the
mindimum stiffness of the repaired element (the mean value of
a) the previously used stiffness and b) the sum of stiffnesses of the
damaged area and the jacket, as if they were independant).

A more sophisticated method could take into account the relative slip
between existing column and jacket (comp. §II.22).

2. REDISTRIBUTION OF ACTION-EFFECTS

2.1. Duve to mechanical actions during the intervention

There is a problem of temporary redistribution of action-effects due
to the forces imposed underneath the beams, near the column-beam
joints, in order to implement shoring of a damaged column. In ordi-
nary cases, these forces are controlled (as it would be the case if
hydraulic jacks were used) . However, for such a control it is impor-
tant to measure also vertical displacements "A" im
posed during the shoring. Such displacements could be directly in-
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troduced into the model of the structure, in order to calculate the
corresponding "negative" action-effects induced to the structure
after shoring (Fig. 52); relaxation should also be taken into ac-
count, up to the time of hardening of the concrete additicnally used.
On the other hand, even rough estimations of the loads undertaken

by the temporary supports (a reasonable percentage "A" of the load
"C" previously carried by the column concerned) may lead to some ap-
proximate values of redistributed action-effects: If such an unloading
equal to A.C is estimated, the column (of composite cross-section

"A" and length "h") will be elongated by Ah = gre—.h, where E'_ de-
notes a reduced modulus of elasticity Ec = E:(1$Aw? to take into

acount relaxation (A = partial creep factor for the period of re-

pair).

2.2, Due to other actions

After-damage redistribution may be astimated by means of ordinary
structural analysis methods, after the assessment of stiffness losses
at each point of damage (§1.1) . An example, under vertical and seis-
mic loads, is given in Fig. 5%.

A particular case of redistribution of action-effects is presented
in Fig. 53 concerning a fire-damaged beam. In fact, modeling of
stiffnesses’ modifications in a hyperstatic system under fire would
need a very complicated procedure; therefore more refined models

are needed in this field.

After-strengthening redistribution may also be estimated by means

of an ordinary structural analysis, provided that the new stiffnesses
are known (81.2). An interesting example is presented in Fig. 54;
Multistory R.C. frames have been totally infilled by simple brick-
work; bending moments of columns, as well as the fundamental period
of vibration of the building were drastically reduced.
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Part IV: Reliability Aspects

The typical inequality regarding safety

Ry = vn.r(fk : ym) > s(Sk.vf) = Sd
has to be thoroughly reconsidered in the case of repair and/or
s trengthening.
1) Ve 6 sckal (for existing dead loads):
Decreased in case geometrical measurements (lengths, heights,
sections) and estimation of specific wights have shown that un-
certainties of dead loads are lower than those reflected in
usual y-factors. Otherwise, Y o o.io4 should be increased.
2) ¥g£,6,add (for additional dead loads):

Decreased, due to lower geometrical uncertainty and better
estimation of dead loads (Yf;G,add. E"Yf,G - 0.1)+ In case of small
thicknesses and/or when inspection and contreél are not satisfactory
Yf,a,add; should be increased.

3) Yf,Qv (for live loads):
Increased or decreased, depending ons:

a) life expectancy of repaired/strengthened structure (see Fig. 55).
b) nature and frequency of action effect after damage; the "frequen-
cy" has to be estimated on the basis of informational data re-

garding the damaging action-effect).

Generally:

for "frequent" actions: Yg,Q should increase

for "accidental” actions: Ye,0 should decrease .

For possible unfavourable conditions, in connection with seismic
actions, two cases should specifically be mentioned:

- Possible lower natural period of‘the building

Tﬁ = Tn \/ k:k' (where "k" denotes an overall stiffness value)
may lead to higher spectral response rgt " and, therefore,
to higher base-shear coefficient c¢' = c.B' : B,

- Possible lower ductilities "u'" after repair (compared to the ini-
tial ones "u") correspond to a reduction of the behaviour factor
K and, therefore, to an increase of base shear coefficient

c' T TR T
When national codes define unique base-shear coefficients for simple
structures, the above mentioned eventualities correspond to an in-

[ ]
creased o value: Y'f = Yf-%"]fr
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4) T, exise (for existing materials) :
Non-damaged elements

Decreased or increased, dependingch themsults of a large amount of
measurements and tests, which may show a decrease or an increase

of initially expected uncertainties,

Damaged elements

Damaged areas: "Initial" y _-values may be used. However within the
new structural models, describing the modified situation, appropriate
Yn-factérs are to be incorporated.

A s T o ee P G e e e = e .

Ym,add (for additional materials):

o For additional repair and/or strengthening materials, in recogni-
tion of the extra variabilities in construction operations and the
limitations of the field control, the following rough Yé Y, values
could be possibly used for concrete (cast—-in-place):

Level of guality Additional thickness
control and field < 100 mm > 100 mm
) accessihility accessibility
inspaction low normal low normal
High 1.2 1.1 1.0 | 1.0
Average 1.3 1.2 1.1 1.0

® Whenever welding is carried out, new reinforcements have to be
taken into account with Yé = 1,2 Yoo unless full observation of
welding specifications is secured.

e When small concrete cracks ({4 mm) have been repaired by means
of an appropriate pressure-injected resin, a Yé I 8 value of
about 1.3 should be applied (ATC 3 - 1978).

6) Yo~ factoxrs (correction factors):

Theoretical methods for-dimensioning of repaired sections are not
very well developed. Therefore a calibration is needed of the fol-
lowing additional factoring.

Strength:

R
Repair "in line" R = y .min { ek
Rinit -
L 0 1] - -~
Repair "in parallel" R = R g, + Yn1Rres * Yn2 (Rinit Rres)where
"Yn" reflect uncertainties of the respons of cross-sections.
Action e f fects:

Tnere are additional uncertainties due to the redistribution of
action effects. Therefore Sd = Yf(Sdo-kyn's.ASd)
where ASd = additional action-effect due to the redistribution after
repair
and Vo g reflects uncertainties of the "believed" redistribution
?
model.
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NOTE: Quantitative models for the assessment of partial safety in
repaired and strengthened structures may be found in DIAMANTIDES, 1282
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