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Abstract

Shear Strength of Reinforced Concrete Members

Subjected to Monotonic and Cyclic Loads

The shear capacity of reinforced concrete members subjected to monotonic
loads was investigated and used as the basis to formulate an expression to calculate
the strength of members subjected to load reversals.

The monotonic shear capacity of slender beams, deep beams, walls, and col-
umns was calculated by superposition of components related to arch-action, truss-
action, friction, and from a contribution of the uncracked compression zone, which is
related to the tensile strength of concrete. A procedure to calculate the shear strength
of members in the transition phase from deep to slender members was formulated, so
that the proposed expression can be used for all geometries considered. The shear
strength of members with and without web reinforcement was analyzed. The pro-
posed model was calibrated using an extensive database of test results, and was found
to give good results compared to other analysis models in an #-fold cross validation.

The resistance to lateral load reversals was investigated for two failure modes:
failure due to degradation of the flexural strength, and failure due to degradation of
the shear strength. The degradation of flexural strength is expressed in terms of a lin-
ear slope derived from the displacement and load at yielding of the tensile reinforce-
ment to the displacement at 80 percent of the yield load. Shear failure was defined by
yielding of the transverse reinforcement. The degradation of shear strength was found
to be non-linear with respect to the limiting displacement, and is formulated as a re-
duction factor for the initial shear strength. Degradation functions for the decrease in
strength of the contributing arch and compression zone components, and for the truss
mechanism are presented.

The following key conclusions were drawn from this study:

1. The monotonic shear capacity can be modeled by the proposed superposition of
contributing components for member geometries ranging from squat to deep mem-
bers. Simply superimposing the individual components, however, does not reflect the
actual member behavior. Functions transitioning between squat and slender members,
as well as between reinforced members and members without web reinforcement, are
necessary to model the member behavior accurately.

2. In the proposed model, the friction component is used to control the so-called “size
effect.” It was found that the “size effect” is not only an effect of the section depth,
but is also influenced by the compressive strength of concrete, the tensile reinforce-
ment ratio, and the average shear stress.



3. The shear strength degradation under cyclic lateral loads was found to be due to a
reduction of the components related to friction and the compression zone, and to a

reduction of the truss mechanism.

4. The shear analysis according to the proposed model gave more accurate results
than the other models considered in the study at hand. Moreover, with the exception
of the approach proposed by Watanabe, compared to other methods, it was the only
meodel applicable to a wide range of member configurations.

Keywords: shear analysis, reinforced concrete, strut-and-tie, truss model, friction, size
effect, walls, seismic load
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N = internal axial load

P = external axial load

F = ghear load
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1 Introduction

The design of reinforced concrete (RC) members for shear in most design
codes is currently carried out through the use of empirically derived equations (ACI-
318 2002). Furthermore, the effects of several important parameters such as shear
span-to-depth ratio, axial load, member depth, and strength decay caused by cyclic
loading are either not represented at all, or included using empirically derived correc-
tion factors that are applied to the main design equations. These correction factors are
generally not related to contributing parameters that have an influence on strength

degradation.

The use of empirical relationships has the disadvantage that it is limited to the
range of the data used in their calibration. Results that are much more refiable may be
obtained by using design procedures based on models for the physical behavior of the
considered member, which were then calibrated using databases that cover a wide

range of material properties and member geometries.

The provisions for calculating the shear strength of members with monotonic
loading in Chapter 11 of the ACI code (ACI-318 2002) include an empincally de-
rived term for the concrete contribution V.. An improved statistical fit serves as the
basis for the “more detailed” equations (11-5) through (11-7) for slender members,
and (11-29) and (11-30) in the special provisions for walls. Recent studies have
shown that the strength of members withou‘; transverse reinforcement decreases with

increasing effective depth. This effect is not considered in the design equations put



forward in the current ACI-318 2002 code and in other proposals as well. According
to the ACI code, the load carrying capacity afforded by the transverse reinforcement
is calculated using a truss model, in which a crack inclination angle of 45° is conser-
vatively assumed. The truss model currently adopted by the ACI code (ACI-318

2002) does not account for the effects of axial and cyclic loading on shear strength.

Another significant shortcoming of the ACY provisions is the lack of a rela-
tionship between the provisions in chapter 11 of the ACI code and Chapter 21, “Spe-
cial Provisions for Seismic Design.” For most practical cases, the design provisions
for beams in Chapter 21 neglect any direct contribution of the concrete to shear
strength, and rely on spacing limits for transverse reinforcement to avoid a significant
reduction in the capacity of the truss model under cyclic loading, and to prevent buck-
ling of the longitudinal reinforcement. Additional limits are set to the amount of rein-
forcement, depending on the type of structure. Therefore, by relying on the fruss
mechanism, the ACI code considers indirectly the concrete strength, because the truss
mechanism depends on the concrete compression field. None of the equations in
Chapter 21 accounts for the effect of axial load on shear strength, the contribution of

the uncracked concrete, or the reduction in shear strength with increased deformation

under cyclic loading.

A model originally put forward by F. Watanabe and T. Ichinose (Aoyama
1993; Watanabe and Ichinose 1991) does consider the effects of the shear-span-to-
depth ratio and cyclic shear loading. The original model has been adopted by the Ar-

chitectural Institute of Japan guidelines (ALl 1988). It consists of an arch contribution




to describe the behavior of deep members, and a truss contribution to calculate the
strength of slender members. Recent research focused on a modification of the AlJ
guidehnes to include effects of axial load and high-strength concrete (Kabeyasawa
and Hiraishi 1998; Watanabe and Kabeyasawa 1998). However, several assumptions
of this model seem to be flawed, and the modifications are not based on physical con-

ditions within the member.

The goal of this study is to find a model based on physical and geometric con-
siderations within an RC member, which can be used to estimate with accuracy the
shear strength of RC members under various loading conditions, including axial and
cyclic shear load. The proposed model is intended to represent the various mecha-
nisms that contribute to shear strength, such as arch-action, truss-action, and contribu-
tions from the uncracked compression zone in the member and from friction between
crack surfaces. The fact that the model is based on the superposition of the different
load carrying mechanisms makes it easily applicable to several member configura-
tions, such as slender and deep beams, walls, and columns. Various loading condi-
tions, 1.e. static shear load and strength degradation due to reversed lateral load, are

considered.

The proposed model is developed for members with a single shear span as
cantilever columns or simply supported beams subjected to a point load applied at the
center of the span. The development of a model for RC members subjected to distrib-
uted loads or support conditions resulting in non-linear moment distributions is not in

the scope of the work at hand.
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An overview of existing shear-design approaches is presented in Chapter 3 in
the work at hand. This overview focuses on behavior models that are directly applica-
ble, i.e. on methods that do not rely on iterations or that are computer-based. The fol-
lowing Chapter 4 presents an evaluation of the approaches described in Chapter 3,

and shows the ranges of applicability of the respective proposals.

The model proposed by the author is developed in Chapter 5, with a summary
of the shear resisting components in Section 5.3. Chapter 6 shows the influence of the
effective section depth on the average shear stress, and how the proposed model con-
siders the so-called “size effect”. The calibration of the model introduced in Chapter 5
is described in Chapter 7 of the work at hand. Chapter 7 describes the interaction of -
the previously defined load-carrying components and outlines the applicability of the
components to the respective member configurations. A summary and evaluation of

the calibrated model for the monotonic load case is provided in Section 7.4.

The degradation of flexural strength and shear strength due to cyclic loading is
developed in Chapter 8. Section 8.1 describes the flexural strength degradation; See-
tion 8.2 shows the strength degradation in shear-controlled members. The application
of the developed strength reduction is demonstrated on a sample set of walls de-

scribed in Section 8.3.




-2 Objectives

The main objective of this thesis is to derive a model to calculate the shear
strength of RC members that can be applied to members of various geometries, and
members that are axially loaded. The capacity of the members for the basic case of
monotonic shear load is used as the foundation to describe the strength degradation
under cyclic shear, ultimately leading to flexural or shear failure. The proposed model
is intended to be applicable to slender members as beams and columns, as well as to

deep beams and walls. Member configurations with and without transverse rein-

forcement are examined.



3 Literature review

3.1 Current approaches

The modeling and analysis of reinforced concrete (RC) members under axial
compression and variable horizontal loads as considered in the study at hand has been
examined by various researchers. Five approaches to different aspects of shear design

of RC members are discussed in the following sections.

The approach described first, based on work done by Watanabe et al
(Aoyama 1993; Watanabe and Ichinose 1991) represents a strut-and-tie approach that
combines the common truss analogy with an arch model. This model is outlined in
Section 3.2. Since the approach taken by Watanabe is one of the approaches the pro-

posed model is based on, it is discussed in more detail than some other models.

Shear design of RC members without web-reinforcement by modeling the ef-
fects of the uncracked compression zone, friction between crack surfaces in the ten-
sion zone, and dowel action of the longitudinal reinforcement is described in Section
3.3. This method was proposed by Reineck (Reineck 1990, 1991b). The appreach
taken by Reineck is considered as another foundation for the proposed model, and is

therefore discussed in more detail.
Section 3.4 describes a shear design method based on the drift limit of RC

columns, which was developed by Pyjol et al. (Pujol 2000). The approach taken by

Pujol provides a recommendation for a definite configuration of transverse rein-




forcement depending on the ductility demand on the considered member. Therefore,

it is not applicable to RC members without web reinforcement.

The analysis model described in Section 3.5 was developed by Priestley et al.
(Priestley 1994), introducing a shear design method based on the expected ductility
demand of the considered RC member. This approach models the shear strength of an
RC member by superposition of concrete and steel components with an arch contribu-

tion that is solely relying on axial compression.

Section 3.6 discusses the shear-friction-truss model as proposed by Chen and

MacGregor, which is based on the dry-friction law (Chen and MacGregor 1993).

The effect of the section depth on the average shear stresses was investigated
by Bazant (Bazant 1997; Bazant and Kim 1984). The fracture mechanics approach
taken by Bazant to describe “size effect”, i.e. the reduction of the nominal shear

stresses with increasing beam depth, is described in Section 3.7,



3.2 Analysis based on a combined truss and arch model

A model of combined truss- and arch-action, as it also has been adopted as a
basic design philosophy for the current Architectural Institute of Japan (ALl) Design
Guideline (AIJ 1988), is based on work by Watanabe and Ichinose (Watanabe and
Ichinose 1991). As stated by Watanabe and Ichinose, the method follows the capacity
design method for RC ductile frames as it was developed by Paulay. The primary
goal of the capacity design method is to define the desired failure mechanism, and to
provide the corresponding member sirength at all considered member locations. This
is achieved by providing plastic hinges at the intended deflection points. After deter-
mining the desirable locations for plastic hinges, reinforcement for these areas is cal-
culated, and the remaining elements are designed to fail after the plastic hinge

mechanism has developed (Bachmann 1995, 2000; Paulay 1990),

The shear design approach of a combined model of truss- and arch-action as
proposed by Watanabe et al. (Watanabe and Ichinose 1991) is based on constitutive
laws for concrete and steel; and a simplified two dimensional stress distribution. The
same approach has also been described later by Aoyama (Aoyama 1993). Further re-
search is being conducted on the model, with an adjustment by Watanabe and
Kabeyasawa for high-strength concrete and axial load (Watanabe and Kabeyasawa
1998); and an adjustment by Kabeyasawa and Hiraishi for deep members

(Kabeyasawa and Hiraishi 1998). The basis for the subsequent research is outlined




here. The improvements for the basic model are described and used in the evaluation

of Watanabe’s model in Chapter 4.2.

The load carried by the truss mechanism depends on the amount of web remn-

forcement; and the load carried by the arch and the compression members of the truss

is limited by the strength of the concrete. The strength of the arch mechanism de-
pends not directly on the amount of transverse reinforcement; it is limited by the

stresses m the truss, The fundamental design equation for the combined approach is

expressed as
Vo<V,=V,+V, (3.1
Where V,, = nominal shear force,

V, = ultimate shear strength,

V, = shear strength ascribed to truss action,

Vs = shear strength ascribed to arch action.




; /~ Compression Strut
Js ,

A ST Reinforcement

as B i
9 ¥ D
i i 2
5 Element | ;

- e
e, i

U

L Reinforcement _ O, D
i L {
Ve

Figure 3-1 Stress conditions and geometry of assumed sirut model (Watanabe and Ichinose 1991)

3.2.1 Arch-action
The contribution of the arch, depicted in Figure 3-1, is given as the bearing strength

limit on the nodal zone by

v ﬂ%biD-o"_‘,tanf? (3.2)

Where & = width of the section [mm],
D = total depth of the section [mm]},

O, = average stress in the compression strut [MPa],

8 = inclination of the arch.
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For simplicity, it is assumed that the arch is linear, not bent, and has a depth of
Di2. According to this assumption the angle is given by the geometry of the member

as

fra : 2
tangx_‘[‘_f_D___MI:: [£j < L (3.3)
D D D

With L = member length [mm].

Watanabe et al. assume that () the yield strength of the axial reinforcement is infi-
nitely large, meaning the proposed model assumes design for shear failure at a load
exceeding the flexural strength {(Aoyama 1993), and (b) the shear carrying strength is
maximized to act along a height of D/2 following the lower bound theorem of the
theory of plasticity. The lower bound theorem of the theory of plasticity was formu-
lated by Nielsen (Nielsen 1999) based on virtual work principles. The theory of plas-
ticity assumes that in a rigid-plastic material stressed to the yield point, arbitrarily
large deformations, i.e. strains, are possible and permissible without changing the
magnitude of the stresses. The lower bound theorem describes the conditions that al-
low for a load that causes these stresses at the yield point, while satisfying equilib-
rium and compatibility conditions within the member. If these loads at the yield point
are not exceeded, the member does not collapse according to the lower bound theo-
rem of plasticity. Applied to a member as depicted in Figure 3-1, the maximum load
Is applied to the stress field inscribed by A-B-C, if the distance A-B is largest. The
stress field is assumed to be in a hydrostatic state of stresses with a magnitude of the

uniaxial stress in the strut (Nielsen 1999). Eq. (3.2) results from the geometry of the

11



assumed arch following the conditions depicted in Figure 3-1. The average stress in
the compression strut, g, is defined by the reduced concrete strength and the relation
of the inclined stress in the truss to the reduced concrete strength as described later in

Sections 3.2.3 and 3.2 .4.

The previously outlined arch-model as used by Watanabe et al. is based on a
model to describe the behavior of RC members earlier proposed by M. P. Nielsen
(Nielsen 1999). This model assumes a hydrostatic state of stresses, in which the stress
within the strut as well as on sections A-B and A-C in Figure 3-1 (D-E and D-F on
the opposite side, respectively) is equal to the effective concrete strength. The model
proposed by Nielsen assumes that the angle spanning open section A-B is the same
angle that forms the strut inclination. This does not necessarily need to be true, be-
cause it will depend on the stress distribution along the loading points, if the same
angle can be assumed. Besides the problem of how to distribute the applied loads
over large sections A-B and A-C, an extensively long section A — C = D/2 in a more
squat member would make the strut unreasonably wide. Seiting the projected strut
width equal to half of the member depth does not consider possible cracks. A com-
pression strut cannot develop across cracked sections of the member. As tests have
shown, shear cracks in a squat member certainly also will develop in the interior of
the member area (ASCE-ACI Committee 445 1998). A wide strut as it would result
from using the model developed by Nieisen would have to cross these cracks. Fur-

thermore, it does not seem appropriate to employ the tensile component in the axial

i2




reinforcement over such a long distance with the load acting out of center of section

A-C.

3.2.2 Truss-action

The truss mechanism as shown in Figure 3-2 is modeled using the distance be-
tween the centroids of the upper and lower reinforcement for determining the height
of the truss. It is assumed that the inclined truss force is uniformly distributed by the
(uniform) web reinforcement. The shear force attributed to truss action is given by
equitibrium of forces in a free body diagram of the truss model as shown in Figure

3-2 a):

Vi=b-J,-p,f, coté (3.4)

The average inclined stress in compression can be calculated from equilibrium of

stresses in an infinitesimal stringer element following Figure 3-2 b) as
_ 2
o, =p,f,,(+cot” g) (3.5)

Where 0; = average diagonal stress in compression [MPal,
P = web reinforcement ratio,
fuy = yield strength of the web reinforcement [MPa] with f,,, <25/
1. = concrete cylinder strength [MPal,

¢ = inclination of compressive stress in the concrete to member axis,

Jr = distance between upper and lower stringer [mm].

13



The total shear is calculated by eq. (3.1) as the superposition of arch- and truss
contributions, with the truss angle ¢ and the arch stress 0, being the variables. These
variables depend on the considered location, that is, whether the desired behavior at

the respective location is non-ductile or ductile.

Upper stringer — POy {Uniformly distributed)
vV, q, rr+v%yy+1%1i‘t71vvv+3v+ifv

?Elemmz 7*\0 T {
t

3 H«HM#‘HMHMHHHH* o "
?wng

oty ——ro

a) Analogous truss

Lower stringer

Stringer glement
obsingdx

__ dx —
Required bond force
1LY dx=p, 0. cotd bdx

b) Equilibrium of an infinitesimal stringer element

Figure 3-2 Assumed analogous truss model (Watanabe and Ichinose 1991}
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3.2.3 Non-ductile members

For the limiting shear capacity, the web reinforcement is assumed to have
reached the yield-point. Using a reduction factor, v,, which has been proposed by

Nielsen (Nielsen 1999) as

S
=0.7-2L¢ 3.6),
Yo 200 (3-6)

and the condition that combined compressive stresses from strut and arch action can-

not be higher than the reduced concrete cylinder strength
O-J +o’.\' = Of*c (37)5

the ultimate shear strength for a non-ductile section of the RC member can be calcu-

lated from egs. (3.1), (3.2), and (3.4} as

Vy=Vi+V.=bj,-p,f,cotg+ bm{;(l =Pwof' tand (3.8)

with G 2(1_)3)1/0]“&' (3.9)

As a simplification, equation (3.7) assumes that the stresses under arch action, oy, and
truss action, oy, act at the same angle. Based on this assumption, eq. (3.8) can be cal-
culated as the superposition of arch and truss action, which is influenced by the fac-

tors described in the following.

The dimensionless factor £ is the relation of the average inclined stress in

compression to the reduced concrete strength



_ O-, _ Jowfwy (i + COt2 ¢5)
VOf'c V(}f'c

Jii (3.10)

Evaluating equation (3.9), the contribution of arch action is limited by the fraction of
concrete strength, which exceeds the stresses induced by the truss mechanism. Re-
substituting eq. (3.10) into the strut contribution, eq. (3.9) can be rewritten as a differ-

ent form of equation (3.7):
o, =vof .~ 0, (3.11)

Equation (3.8) is quadratic in cot ¢ since S is quadratic in cot ¢. The total shear capac-

ity ¥, increases with the increase of cot ¢in a range of

cotgﬁgm (3.12)

Additional limits to cot ¢ are set by the condition that (a) the diagonal stress in com-
pression can not be larger than the effective strength and (b) by a proposal by Thiirli-
mann (Thiirlimann 1979) to limit the possible truss angle. Condition (a) results from

eq. (3.10) as

vol'.
cotg < ;E’J%c___m} (3.13)
W M'y

Condition (b) was proposed to prevent excessive transverse strains due to loss of ag-

gregate interlock in small inclined trusses as

CO{Z@SQ (314)
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Eq. (3.14) limits the strut inclination to values of ¢> 26.5°

It is appropriate to choose the smallest cot ¢ within the constraints set by egs.
(3.12) through (3.14). If eq. (3.13) governs as the smallest value for cot ¢, substituting
eq. (3.13) into eq. (3.10) yields f= 1. This leads to the disappearance of the term re-
lated to arch-action in eq. (3.8). For a value of f < 1, the arch is contributing to the
total shear capacity depending on the capacity of the truss. If the strength of the truss
is not sufficient in terms of the reduced concrete strength, the remainder is attributed
to the arch. The arch contribution of the total shear capacity, V., is dependent on the
aspect ratio L/D. Figure 3-3 shows the influence of the shear-span-to-depth ratio L/D
on the shear capacity for a hypothetical set of input values. For comparison, Figure
3-4 shows the direct influence of the aspect ratio on the inclination expressed as tan €.
As can be seen from Figure 3-3, for low aspect ratios the arch contribution is higher
and decreases asymptotically with an increasing aspect ratio according to eq. (3.3).
Watanabe et al. do not set a limit for the inclination of the strut angle # depending on
the slenderness of the member. However, with an increasing slenderness, tan £ be-
comes very small and the arch contribution to the total shear capacity becomes negli-

gible.
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A relationship between ¥, and the uniform stress in the web reinforcement,
Prfwys 18 shown in Figure 3-5. The figure illustrates the varying influences of strut and
truss action on the shear strength changing with the amount of shear reinforcement in

terms of reduced concrete strength.
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Figure 3-5 Relationship between V, and p, o, (Watanabe and Ichinose 1991)

Figure 3-5 also shows the relation of the inclination of the struts to the arch-
component. As long as an arch component is contributing to the total shear strength,
the inclination is limited to a value of cot ¢ = 2. As stated by Watanabe et al.
{Watanabe and Ichinose 1991), the relationship of eq. (3.12) is ignored in the graph

for simplicity. If, however, cot ¢ is also limited to values in which the total shear ca-

pacity increases, eq. {3.12) needs to be applied.
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3.2.4 Ductile members

For member sections with required ductile behavior, the effective concrete
strength is lowered to take into account the intersecting set of inclined cracks in the
plastic hinge zone. Depending on the expected maximum rotation angle, which for
small rotations is approximately the drift ratio, the effective strength of the web con-

crete 1s calculated by egs. (3.15) and (3.16):

v=(1-13R v, for R, <0.05 (3.15)
vzﬁf for R, > 0.05 , (3.16)

with v = strength reduction factor for the web-concrete of a ductile member,
R, = expected maximum hinge rotation angle [rad].

Additionally, the upper limit of cot ¢ in the hinge region is reduced depending on the

expected hinge rotation angle, R,

cot ¢, < A (3.17)
with A = 2-50R, for R, <0.02 (3.18)
=1 for R, > 0.02 (3.19)

For members with uniformly distributed shear reinforcement, the ultimate shear
strength of a ductile member can be obtained by replacing the effective concrete
strength vyf'. by v/ .. In addition, the relationship (3.14) is substituted by (3.15) or

(3.16), respectively, to account for the changed conditions along the plastic hinge.
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The shear design approach described above is conceptually sensible. How-
ever, the model has some shortcomings. It does not take into account a possible axial
load on the member, because it has been developed primarily for flexural members.
This shortcoming was overcome by the “New RC proposal” by Watanabe and
Kabeyasawa (Watanabe and Kabeyasawa 1998), which has been considered in the

evaluation in the following chapter.

Because the strut width is taken as a fixed value, it is not possible to adjust to
a larger strut width. Connecting the strut width to the depth of the compression zone,
which increases with an applied axial load, appears to reflect the conditions in a
member more accurately. Furthermore, the assumption that the stresses from both
mechanisms act at the same angle simplifies the basic equation (3.7) significantly. It
seems questionable to make this assumption first, and when determining the separate

coniributions treating the respective angles separately as well.

Additional limits of Watanabe’s model are set by the concrete reduction factor
vy, which was empirically developed for concrete cylinder strengths from 18 to 60
MPa. For higher strength concrete v/, reaches a maximum value of 24.5 MPa at /.
= 70 MPa, with decreasing values for higher strength concrete. Also this shortcoming
has been addressed in (Watanabe and Kabeyasawa 1998), and is considered in the

analytical evaluation of the method as described in Section 4.2.

A truss as depicted in Figure 3-2 can not work in squat members, i.e. in “dis-
turbed” regions {(“D-regions” (Schlaich et al. 1987)). Assuming that tensile stresses

are taken by the strength of the stirrups, the inclined compression field needs to tie
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back to an adjacent tensile member over its entire length. This is not provided in a
deep member if the transverse reinforcement is assumed uniformly distributed along
the entire span. It seems more appropriate to assume the tensile forces lumped in the
center of the D-region, with the compression field spanning between supports and

stirrup.

The model as described by Watanabe et al. is evaluated on different databases
in Section 4.2. The cases considered are slender beams without transverse reinforce-
ment, web-reinforced slender RC beams, and RC members under axial and cyclic
shear load. Kabeyasawa proposed a different load reduction factor to account for
higher strength concrete in the context of walls (Kabeyasawa and Hiraishi 1998). The
application of the model to RC walls and deep beams with and without transverse re-

inforcement is also evaluated in Section 4.2.

22



3.3 Shear strength of beams without transverse reinforce-

ment

A model to describe physically the shear strength of slender members without
transverse reinforcement has been developed by Reineck (Reineck 1990), and was
summarized in (Reineck 1991b). Reineck uses equilibrium conditions in a free-body

diagram of an RC member as shown in Figure 3-6.
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Figure 3-6 RC member with tooth element and its forces in B-region, adapted from (Reineck

1991b)
The shear-carrying mechanism of the beam is considered to have three different con-

tributions:
V.. = a contribution of the uncracked compression zone
Vr=a contribution related to friction between crack surfaces

V4= a contribution from dowel-action in the longitudinal reinforcement
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As stated by Reineck, an additional contribution from cantilevering action of the

tooth from the compression zone is negligible (Reineck 1990, 1991b).

The tooth in Figure 3-6 is subjected to a constant part of the flexural moment
within the element length. To avoid possible side-effects from a D-region, Reineck’s
proposed method 1s sought to be valid if the load is applied at a distance 24 from the
support (Retneck 1990, 1991b). This requirement is equivalent to a condition that the
aspect ratio a/d of the member should be larger than a value of two to ensure the

analysis is catried out in a B-region of the member. In other words, this method is not

valid for deep beams and walls.

The failure criterion formulated by Reineck is that a crack propagates further
into the compression zone, breaking away the tooth from the compression zone, This
is related to a rotation of the tooth element related to a critical slip at mid-depth of the
crack (Reineck 1990). Since the model relies on the conditions within the crack, a
characterizing crack has to be explicitly modeled. The spacing between cracks was

derived in (Reineck 1990) as

5, =0.7(d—c) (3.20)

wherein d = effective depth of the member
¢ = depth of the compression zone

According to the author, the cracks are assumed straight cracks with a critical inclina-

tionof £, = 60".
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From equilibrium in the;free-body diagram of Figure 3-6, it is found that the applied

shear force has to equal the sum of the different contributions named above

V=V, +V,+V, (3.21)

Moment equilibrium in the tooth element yields

Vs, =AT-jd
AT 14 (3.22)
= = =V,
bw : SCT" bW ' J'd

Equation (3.22) constitutes the basic equation for the nominal shear stress as the re-
sultant from a change in the force within the Jongitudinal reinforcement, A7. This
force is equivalent to the bond-force of the longitudinal reinforcement, which is de-

pendent on the change in the bending moment.

If the axial stresses in the compression zone are assumed linearly distributed
as depicted in Figure 3-7, the contribution of the compression chord to the shear-

capacity is found by integrating the stress over the uncracked area:

V. x%c-bw-vn m%—%V
7 J (3.23)
with jd :dwg
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Figure 3-7 Equilibrium of stresses in the compression zone of a tooth element, adapted from

(Reineck 1991h).

As stated by Reineck, a linear distribution of axial stresses within the tooth
element can be assumed, because the element itself 1s uncracked. Consequently, also
the depth of the compression zone can be calculated from linear elastic bending the-
ory as ¢ =kd . The contribution of the compression chord is eliminated from eq.

(3.21) by substituting eq. (3.23) into (3.21):
_J |4 3.24
V_dmc(Vﬁ ) (3.24)

To describe the conditions within the cracks, Reineck derives the strain in the longi-
tudinal reinforcement. The strain will be used later to calculate the crack width at
mid-depth of the crack. From moment equilibrium in Figure 3-6, the strain is calcu-

lated as

[V(x%—Ax)-kN-zc—th jd } (3.25)

£ = =
* EAjd an g,
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with Ax = d—c 1+~%-E—
tan f3 3 jd

Assuming a constant distribution of shear stresses related to friction, and a parabolic
distribution of shear stresses related to dowel action, Reineck derives the shear capac-
ity of the member as a function of frictional shear stresses, 7 and dowel action, Va

(Reineck 1991b):

3
V=b,-jd t,+— 4 3.26

The stress field in the tooth element is explained by a truss model developed for prin-

cipal compression and tension stresses in the concrete, inclined at an angle £,,/2.

The strength resulting from dowel action was derived by Reineck (Reineck

1990), and is given in (Reineck 1991b) as

8/9

0 ‘

With the concrete compressive strength taken as f, =0.95f', [MPa], and the effec-
tive member depth d in [m].
Reineck (Reineck 1991b) proposes the constitutive equation for the ultimate frictional

shear stress along the crack surfaces based on earlier work on friction transfer at con-

stant crack widths by Walraven (Walraven 1980, 1981a) as:

A n
v, =045 1, (1—-{—} (3.28)

I

]
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with £, =0.246- /7" = tensile strength of concrete

A, = 0.9 mm = gritical crack width
An = calculated crack width

According to Reineck, the loss of shear stresses, and therefore the failure of the mem-
ber, is related to a critical slip at mid-depth of the crack. This critical slip is given as a

function of the crack width An by

As, =0.336-An+0.01 [mm] (3.29)

From geometrical examination within the crack (Figure 3-8), the in-situ crack width
can be calculated from the horizontal displacement, Au, and the critical slip, As,. In
(Reineck 1990) it was shown that the horizontal displacement at mid-depth of the
crack 1s approximately half of the horizontal displacement at the longitudinal rein- |

forcement, which is known from the strain in the reinforcement.

Au=05Au, =05¢, 5,
(3.30)
=0.5(g,—Ag,)-s,,

in which Az = strain in the longitudinal reinforcement from (3.23),

Ag = strain that considers a tension stiffening effect of the
concrete between the cracks. As stated in (Reineck 1991b), the value for Ag, is negli-

gible in the calculation of the ultimate shear force.

28



Figure 3-8 Geometry within the crack, adapted from {Reineck 1991b).
Following a derivation in (Reineck 1991b), and using a critical crack inclina-
tion of [, =60°, the crack width as a function of the strain in the longitudinal rein-

forcement and the critical crack spacing is given as

An=071-¢ -5 (3.31)
Using equations (3.25) through (3.31) the shear capacity of an RC member can then
be calculated from equation (3.26).

The ultimate shear capacity, including all contributions, results in:

V. =045 f,-b - jd| 14059 Az w.zzz&@-i}ifﬂ-zw
An ‘ djd

i

| (3 jd +0.224(1—£J—Ji~-£%] (3.32)
V.

4d—-¢ d

+(
1+0.224(1_£).@_ X+ Ax
dj 1. d
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with A=—2

w-An,
e At
£

Since expression (3.32) is rather cumbersome to determine, Reineck suggests the fol-
lowing simplification, “ignoring small terms”, and the axial force N. The internal

lever arm jd is taken as jd = 0.9d, and Ax = 0.5d (Reineck 1991b):

b, d 04 L+,

" £ (a j
1+0.162 4 ——1
{Jr 7 a

It should be noted that the previous model can be extended to RC members

(3.33)

with transverse reinforcement (Reineck 1991a).

Reineck’s model as previously described is physicaily explainable and con-
siders Important factors as shear-span-to-depth ratio, and axial forces. Furthermore, it
delivers a physical explanation for the contribution of the uncracked compression

zone, and friction in the tensile zone of the member.

An evaluation of the model follows in Chapter 4.3. In the evaluation, equation
(3.33) was applied to a database of 395 slender RC members without web reinforce-

ment that failed in monotonic shear.
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Since the model as previously derived is rather cumbersome and hard to use
as a design tool, a simplification is proposed in Chapter 5.2.3. This simplification
represents one of three coniributing shear-resisting mechanisms in the proposed

model.

3.4 Analysis based on drift capacity

The shear capacity of columns under axial and variable horizontal loads as a
function of maximum axial and shear unit stresses, maximum drift ratio, and the
properties of the column has been examined by S. Pujol, M. Sdzen, and J. Ramirez
{(Pujol 2000) based on the observation that “the main function of transverse rein-
forcement is to confine the core subjected to a complex state of stress rather than
simply resist shear or improve deformability under axial compression.” (Pujoi 2000)

This research is based on earlier work by S. Pujol (Pujol 1997).

According to this study, the yielding of the transverse reinforcement is the
“defining event” in the specimen behavior: Before yielding, the column is able to
keep its strength; after yielding very fast strength-decay sets in, ultimately leading to
failure. The constant axial load reduces the ductility of the column, and thus acceler-
ates the stiffness and strength degradation. It is concluded that the amount of rein-
forcement, and therefore the column shear capacity, has to be determined as a direct
combination of normal and shear stresses. This is done using the Coulomb criterion

(Figure 3-9).



Shegr Stregy
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Figure 3-9 Coulomb's criterion (Pujol 2000)
The Coulomb criterion consists of a “failure line”, C, and a Mohr’s circle rep-
resenting a particular combination of axial and shear stresses. Line C s depending on

the unit stress acting perpendicular to the potential failure plane and is defined by
Vv, =V, tmo (3.34)
where v, = unit shear strength
vo = ordinate of line representing Coulomb’s criterion at =10
m = slope of line representing Coulomb’s criterion
o = unit stress acting perpendicular to the potential failure plane.

Failure of the specimen is defined as the particular combination of axial and shear

stresses, which results in a Mohr’s circle transgressing the line C.
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Since it is difficult to make a clear statement concerning the equilibrium that
defines Moht’s circle at the specific location of the failure plane in the column, forces
instead of unit local stresses are used to construct Mohr’s circle at the limiting stage
of loading under shear reversals. The forces are normalized by the core area of the

column and are given as {(Pujol 2000):

w = ) = axial stress (3.35),

h_ b,
4
V= = mean shear stress (3.36),
h,-b,
AH' : fyw _ - = .
o, = T = tensile stress normal to the column axis in the

5-b,

plane of shear with transverse reinforcement at yielding  (3.37)
where P = applied axial load,

T = force in the tensile reinforcement, taken as 7= 0.54/,,

V' = shear force,

A; = area of longitudinal reinforcement,

A, = area of hoop bars in planes parallel to the shear plane,

J» = yield stress of longitudinal reinforcement,

Jow = vield stress of transverse reinforcement,

h. = depth of core (taken as center-to-center from peripheral hoops),



b, = width of core (taken as center-to-center from peripheral hoops),
s = spacing of transverse reinforcement.

Following an approach by Richart et al. (Richart 1929), which relates the Coulomb

criterion to the strength of concrete as
v, =k S +ko (3.38),

Pujol et al. define the factor k; as a variable depending on the drift ratio y. This is
based on the hypothesis that k; as the only variable is rebresenting the decay of con-
crete strength due to cumulative effects of micro-cracks resulting from an interaction
of the number, N, and extent, 7, of the loading cycles. Each subsequent loading in the -
same direction will result in further damage of the concrete and therefore weaken the
concrete strength. Due to a lack of experimental data to define the constants for equa-
tion (3.34), the equation is presented in relation to the displacement only; the number
of loading cycles is not considered. In a preceding study, the “parameter y/A was
found to be suitable for normalizing the dnift capacity data from RC members sub-
jected to cyclic shear” (Pujol 1997). The factor A represents the ratio of the shear span
to the effective depth, a/d. Following an evaluation of the results of 29 tested RC col-

umns; the lower bound of &; depending on y/4 is presented as

k :1—[1—100-1]20 (3.39)

Geometric examination of the failure condition for the Coulomb criterion, the crite-

rion in terms of axial and tensile stresses in the failure surface is expressed as
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o 3 5
—r=gatlosial - f (3.40)

Factors o and f are given in (Pujol 2000) as:

a__-4£€1_'ﬁima+3
o

&

f=4"

o

Substituting equation (3.37) into (3.40) results in the required transverse reinforce-

ment ratio:

" :E.aﬂ_g az_/f}-‘?a (3.41)

Equation (3.41) gives a design recommendation for transverse reinforcement based
on the assumed conditions in the member. However, it is not possible to evaluate this
approach on a set of tested beams that have not been built according to equation
(3.41), since the equation allows only for one specific web reinforcement configura-
tion. Nevertheless, equation (3.41) was solved by the author for an ultimate shear ca-

pacity ¥, as follows to allow for a comparison with other analysis models.

The ultimate shear strength of a RC column can be derived by solving eq.

(3.41) for the shear strength V, with the designations as previously listed:

n:g{ﬁﬁ@+iaﬁqw+r) (3.42)
50 o 4

a
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Pujol et al. assume that the initial shear strength of the column under static shear

meets the requirements of the ACI 318 (2002) shear equation:
Ve=Vot+ V, (3.43)

Wherein the “steel” contribution is calculated as

(3.44)

The “concrete” contribution ¥, is determined using eqs. (3.45):

A -T .
V=017 |1+ 25 T L TFU0.84,) (STunits)  (3.45)
13.8-4,
o A -T
V =214 =t . ' - (0.84, British units
[ ( ZOOO-Ag J fC ( s) ( )

The described approach was derived using experimental results from tested RC col-

umns with a slenderness ratio A from 1.9 to 3.5 and a nominal unit shear stress range
from 0.5 to 1.1,/ /"', MPa. The applied compressive load was in the range from 7 to

35 percent of the nominal axial compression capacity. The examined columns had
rectangular cross-sections and confined cores. As is stated by Pujol, the proposed

model is applicable to columns having an axial stress of g, < 0.35/". and a nominal

unit shear stress range from 0.5 to 0.7,/ /', MPa (Pujol 2000).

An analytical evaluation of equation {3.42) is described in Chapter 4.4 using

the amount of reinforcement provided in the considered database.
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3.5 Shear strength as a function of required displacement
ductility

Research carried out at the University of California at San Diego (UCSD) es-
tablishes an interaction between the flexural ductility and the shear strength for circu-
lar and rectangular columns. The main body of the work s described by M.JN.
Priestley et al. (Priestley 1994). It is based on previous research by Ang et al. (Ang et
al. 1989) and Wong et al. (Wong 1993). Similar to (Watanabe and Ichinose 1991), the
shear capacity of RC columns is treated separately comprising an arch component and
a truss component. The strength enhancement through axial load is treated in the arch
model, the “concrete component” of the shear strength is considered in the truss
model, complemented by the contribution from transverse shear reinforcement. Based
on the work by Ang et al. and Wong et al., Priestley’s work tries to compensate for an
apparent underestimation of the influence of axial load on the shear capacity of RC
columns in the preceding research (Priestley 1994). Ang and Wong examined circular
columns subjected to muitidirectional load paths. A shear design method was pro-
posed, which was taking the ductility of the columns into account, and which changed

the inclination of the compression struts depending on the transverse reinforcement.

Priestley et al. propose to describe the shear strength of RC columns with
three components: a concrete component V., of which the magnitude depends on the
level of required ductility, an axial load component V), that depends on the column

aspect ratio, and a truss component ¥, which is considering the transverse reinforce-



ment. The nominal shear capacity is given as the superposition of these three compo-

nents as
Va=V.+V,+V, (3.46)

The concrete component is described in a form of

NI (3.47)
in which A, =0.84, = effective area,

k = a reduction factor depending on the required displacement

ductility {evel.

Depending on the required displacement ductility level, u, Priestley presents a graph

for the factor k that can also be expressed as (Priestley 1994)

029 u<2
k=[0.48—0.19-~§) 25 u<4 (3.48)
0.1 42> u

AA"“ = displacement ductility (3.49)

¥

with =

where A, = maximum displacement,
A, = displacement at yielding of longitudinal reinforcement.

The axial load component is provided by the projection of the axial load on the shear

plane:




v, =Potana=p 2° (3.50)
2a

where P = axial load,
o = inclination of the strut,
D = total section depth,
¢ = depth of the compression zone,

a = effective length of the column, taken as L for a cantilever column

and L/2 for a column in reversed bending.

Equation (3.50) represents a straight, linear arch as in the Watanabe approach. Unlike
the arch model proposed by Watanabe et al. it is depending solely on the axial load.
The concrete strength does not influence the arch capacity. Its depth is determined by
the depth of the compression zone, ¢, under design loads. As the axial load and/or the
applied moment increases, the effective fraction of V), to the overall shear strength
decreases, since the depth of the compression zone is increasing. V, is not degraded
by increasing ductility. The compression zone depth is calculated from equilibrium
conditions of internal forces in the column under the considered load case. Though it
1s desirable to include the effects of axial loads on the shear capacity, it is not clear
why the axial load should contribute as an inclined resistance to the overall shear ca-
pacity. Instead of a direct contribution on the shear capacity, a possible axial load will
rather affect the shear resisting mechanisms as aggregate interlock, or, as realized by

Priestley et al., it will increase the depth of the compression zone. An increasing
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depth of the compression zone will increase the shear resistance contributed by the
uncracked compression zone. The arch as a shear resisting mechanism, however,
should be related to the compressive strength of the concrete and the possible stress

distribution for stresses related to arch action within the member.

The truss mechanism component, V5, proposed by Priestley et al. implies a 30°
crack mclination angle, or a corner-to-corner inclination, whichever is larger. For cir-
cular and rectangular columns, respectively, Priestley (Priestley 1994) proposes the

following equations:

A fou D!
V, =5 o300 (3.51)

D
= 2T oot30° (3.52)

with D' = distance between centers of the peripheral hoop or spiral,
S = gpacing of transverse reinforcement,
A, A, = area of peripheral spirals or ties,
Jfyn = yield stress of peripheral hoops.

As stated in Priestley’s proposal (Priestley 1994), using D’ provides a larger effective
depth for rectangular columns than usually taken. 'The approach for equations (3.51)
and (3.52) has been adopted from the proposals by Ang (Ang et al. 1989) and Wong

(Wong 1993),
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The examination of different multi-directional load paths as conducted by
Wong et al.(Wong 1993) did not yield a considerable change in specimen behavior
depending on the displacement pattern. The consideration of a simple “b-type” dis-
placement pattern, i.e. a full displacement cycle in each consecutive direction, yielded
similar results as the use of more complex dispiacement patterns. Under biaxial dis-
placement patterns, the concrete shear capacity decreased for the second displacement
path in the same load cycle. “However, the reduction of initial shear strength, and
ductility capacity of squat columns, subjected to biaxial displacement history was not

very significant” (Wong 1993).

A numeric evaluation of the shear design method as proposed by Priestley et

al. 1s described in Section 4.5.
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3.6 Analysis based on shear-friction

An approach to describe the shear strength of an RC member by modeling a
shear-friction mechanism has been developed by Chen and MacGregor (Chen and
MacGregor 1993). In addition to the truss mechanism as described by Collins et al.
{Collinsg 1991), a shear-friction mechanism between crack surfaces in the inclined
compression field is described to contribute to the shear resistance of an RC member.
According to Chen, shear-friction will form an additional part to the truss model, as it
will increase the shear capacity of the member by relating the axial force to the resist-
ing stresses in the inclined compression field (Chen and MacGregor 1993). This 1s
done through shear-friction along the cracks. Therefore, the inclination ¢ of the
cracks defines the inclination of the shear-friction component Vs The friction forces
will be mostly dependent on the axial compression force of the truss mechanism, N,

Consequently, the effect of shear-friction is closely tied to the truss mechanism.
According to Chen, the shear transfer along two cracked surfaces can be calculated by
the dry friction law:

“The limiting static friction force is directly proportional to the magnitude of
the normal force N, and is independent on the area in contact.” (Chen and
MacGregor 1993)
Following this, Chen proposes that the shear force V transferred across two
cracked surfaces is expressed in terms of an axial force N acting normal to the inter-

face by a coefficient for static friction, u,:
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V=uN

(3.53)

As described by Chen, if the shear force ¥ has to be transferred along an in-

clined crack as shown in Figure 3-10, the forces can be expressed by their respective

components, ¥y and Ny
V,=V-sing+N-cos¢

Ny, =V-.cos¢~N-sing

lN %Zj
- N

¢

R

Figure 3-10 Rotation of forces (Adapted from (Chen and MacGregor 1993))

Since Vyand Ny are perpendicular, eq. (3.53) holds true and becomes:

Substituting eqs (3.54) and (3.55) into eq. (3.56) yields
Vsing+ Ncosg=pu (Nsing-V cosg)
e V+Neotg = (N-Vcotg)

< V+ulVeotp=uN-—Ncotg

This can be expressed in a form similar to eq. (3.53) as
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(3.55)

(3.56)



:MN (3.57)
1+ g, cotg

The coefticient for inclined friction under J and N thus becomes according to Chen:

—cot
LC_O_‘?}::#% (3.58)
1+ p, cotg

Using the expression in (3.58), equation (3.57) can be rewritten as

V=uN (3.59)

With equation (3.59), the friction between two inclined cracked surfaces is described
by Chen and MacGregor (Chen and MacGregor 1993) as a function of the crack-
angle ¢, if the coefficient for static friction under normal forces, u;, is known. The

force N is the longitudinal compression force in the concrete.

The contribution of the shear-friction mechanism to the overall shear resis-
tance of the member will increase with an increasing axial force N acting on the
cracked surfaces. With an increase of the axial force N, the area of the compression
zone will increase. Therefore, the shear transferred by the uncracked compression
zone will increase. Additionally, the coefficient for inclined friction according to eq.
(3.58) will increase with an increasing angle ¢ This will also result in an increase of

the contribution of the shear-friction mechanism.

It follows that the longitudinal compression force in the concrete, &, can be
related to the shear-friction mechanism by assuming that the shear contribution of the

forces in the concrete is directly proportional to the magnitude of the longitudinal

44




compression force in the concrete. According to Chen, the shear contribution of the
concrete 1S given by the sum of the transverse components of the frictional forces,
F4, the shear carried by the uncracked compression zone, F,,, and dowel action of the

tensile reinforcement, 7, (Chen and MacGregor 1993).
V= de +F, +V, (3.60)

The internal forces in a cracked beam following Chen’s approach are shown
in Figure 3-11. Figure 3-11 a) shows the state of stresses in the member, wherein £, s
the compressive stress in the uncracked concrete, and f; 1s the compressive stress due
to friction along the crack plane. The forces ¥; and ¥ represent the tensile force in
the transverse reinforcement and the resisting force from dowel action of the longitu-
dinal reinforcement, respectively. The stresses from friction in the crack plane are
caused by the relative movement between the two surfaces. Since this relative move-
ment changes along the crack, magnitude and direction of the stresses induced by
friction gradually change from axial direction and a relatively high amount towards
the direction of the crack and zero amount of stress, Figure 3-11 b) shows the result-
ing forces of the stresses in Figure 3-11 a), and Figure 3-11 ¢} shows the longitudinal
and transverse components of theses forces. Chen assumes that the resultant of the
lateral components, ¥y, is acting at the center of the crack, located at the same point
as the tensile force in the stirrups, V;, as shown in Figure 3-11 d) (Chen and MacGre-
gor 1993). The resultant C of the compression forces F, and I, in longitudinal direc-

tion 1s assumed to act in the compression zone.
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Figure 3-11 Internal forces for the shear-friction mechanism (Adapted from (Chen and MacGre-

gor 1993))
Figure 3-12 shows the shear-friction model as proposed by Chen and Mac-

Gregor applied to the variable angle truss model developéd by Collins (Collins 1991).

The figure displays equﬁlibrium of forces in the crack plane and the adjacent section.

Additional to the shear resisted by truss-action, V;, the shear-friction component Vy is
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acting on the crack plane. Therefore, the shear resisted by truss-action 1s extended by

the shear-friction component to

V=V+V

Y, (3.61)

For a combination of the traditional truss model with the shear-friction model, the

force ¥, in Figure 3-11 is replaced by ¥}, the component from truss-action.

M=0 M= Vdcote

Figure 3-12 Equilibrium of forces in the combined truss and shear-friction model (Adapted from

{Chen and MacGregor 1993))

Following Chen, the shear carried by the shear-friction mechanism can be

formulated similar to eq. (3.59) with the inclusion of an efficiency factor v as:
Vy=VvN (3.62)
The efficiency factor vis of a form similar to the coefficient for inclined friction, u4

V:M (3.63)
I+v, cotg

Substituting v into equation (3.62) yields
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v, —cot
ﬁ=fL_~£ (3.64)
+v, cotg

Independent of the efficiency factor v, in terms of the crack inclination ¢, the
shear-friction component behaves different than the truss mechanism. While the ca-
pacity of the truss mechanism decreases with an increasing value ¢, the contribution
of the shear-friction mechanism increases with steeper cracks due to an increasing
shear-friction coefficient (eq.(3.64)). As stated by Chen, the function of the total shear
resulting from truss-action and sheas-friction, defined by the sum V; + Vi has a vertex
with a minimum value (Chen and MacGregor 1993). Shear failure will occur at this
vertex value at an inclination found by setting the derivative of V' with respect to ¢ to
Zero:

oV, +V,)

5 =() (3.65)

If the compressive force in the concrete, N, in eq. (3.64) is assumed mainly to be a

function of the bending moment, rather than a function of the crack inclination, equa-

tion (3.65) yields

1%
tan ¢ = g (3.66)
(14 )
A f.,jd/s

The expression in eq. (3.66) relates the inclination at shear failure to the efficiency

factor v and the longitudinal force N. Since neither the inclination nor the longitudi-

nal force at shear failure is known, one of the unknowns has to be assumed in order to
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calculate the shear capacity of the member. Chen proposes to assume the critical

crack inclination ¢ for design (Chen and MacGregor 1993).

To evaluate Chen’s proposed method, Figure 3-13 shows the contribution of
the shear-friction component Vi in variation with the angle ¢ and the efficiency factor
v. Values for v have been experimentally derived in (Chen and MacGregor 1993)
within a range of 3<v £8. For the evaluation, eq. (3.66) is solved for the axial load
N, and inserted into the basic equation for friction, eq. (3.64). The contribution of the

stirrups, 4, 1

it / 5, resulting from the derivative of the equation for the total capac-
ity of the combined shear-friction / fruss model, 13 assumed for evaluation purposes to
be a value of 250. This value merely represents a scaling factor for the comparison of
different efficiency factors. It can be seen that for very small efficiency fac-
tors 0 < v, £1, the contribution of shear-friction would be negative. It can be argued
that considering the scaling factor of 250, the contribution is effectively zero. How-
ever, for larger efficiency factors and larger crack inclination, the resisting force from
shear-friction and truss model becomes smaller than the value from truss action alone.

This would mean that the shear-friction mechanism acts against the truss mechanism.

For 2<v, <4, Vy increases slightly with an increasing assumed crack inclination,

before it decreases with relatively large values for ¢ This effect becomes more dis-
tinct, the higher the efficiency factor is. For vy =5, Visdecreases almost linearly with

an Increasing angle.
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Figure 3-13 Relation of V,;, assumed crack inclination, and efficiency factor

Conceptually, this means that the contribution of the shear-friction mechanism
to the total strength of the truss decreases, even if the efficiency factor v according to
eq. (3.63) increases with a steeper crack inclination. This 1s clearly a contradiction in
the model proposed by Chen and MacGregor. For a constant axial load N, the contri-
bution from shear-friction should be higher for larger crack inclinations following the
dry-friction law as stated before. Since the shear-friction contribution should be

higher, also the overall resistance should be higher than from truss action alone.

In addition to these conceptual shortcomings, the model is not able to repre-
sent effects of the size of the member, or a direct contribution of the uncracked com-

pression zone. The function represented by the differential equation (3.65) has no op-

50




timum regarding the two variables, crack inclination ¢, and axial force &. Assuming
the crack inclination and solving the equation for &V yields several values for the axial
force, depending also on the efficiency factor. However, in turn, the efficiency factor
describes the relationship of the axial force to the shear resistance. This makes it im-
possible to determine the actual contribution of the normal force in the concrete to

shear resistance.
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3.7 Fracture mechanics approach to “size effect”

It 1s commonly acknowledged that an increase in the effective depth of an RC
beam decreases the average shear stress (ASCE-ACI Committee 445 1998; BaZant
1997, BaZant and Kim 1984; Collins 1991; Kotsovos and Pavlovic 2004; Tompos and
Frosch 2002). This so-called “size effect” was investigated from a fracture mechanics
point of view by BaZant (Bazant and Kim 1984). According to BaZant, the nominal
shear stress v, can be calculated from a statistical fit to considerations describing the
energy release rate at microcracks in a “fracture process zone” eventually forming the
shear crack at failure. BaZant uses a non-linear approach to fracture mechanics, be-
cause a linear approach (linear in terms of the logarithm of ) would yield too large
nominal shear stresses (Bazant and Kim 1984). Based on earlier work (BaZant 1984),
BazZant describes the nominal stress at failure as a function of the tensile strength of

concrete, the section depth, and the aggregate size.

oy =1 () (3.67)
with
P p——
JI+ A7 4, (3.68)
in which A = —C-i—

£
where oy = nominal stress at failure

[+ = direct tensile strength of concrete
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d, = aggregate size
Ao = constant

According to BaZant, the function ¢ describes the effect of the section depth.
If the effective section depth is small compared to the aggregate size, the factor 1 in
the square root in equation (3.68) controls, and size effect is not of concern. For rela-
tively large values of d, the factor A/A; controls. As stated by BaZant, the function ¢
therefore defines a gradual transition from an influence of size effect for large values

of Z to no size effect for small section depth, that is 4 < Ay (BaZant and Kim 1984).

To illustrate the effect of the section depth in relation to shear-carrying com-
ponents, Bazant describes the shear force as a sum of two components resulting from

taking the shear force as the derivative of the applied moment (Bazant and Kim

1984).
y_ dM (3.69)
dx
with M =T-jd:
y =40 jd) :ﬁjd+9‘lT-d:I/]+V2 (3.70)
dx dx

where 7 = tensile force in the longitudinal reinforcement
J = j{x) = variable coefficient describing the internal lever arm

The two components V; and V> in equation (3.70) represent components of the shear

capacity due to a change in bond stress, and arch-action, respectively. The variable
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coefficient j(x) is chosen as a function depending on the shear span, @, and the longi-

tudinal reinforcement ratio, p, as

j=kp™ H (3.71)
4]

in which &, m, r are constants

Following Bazant, the component related to bond stress, V', is chosen as a function of

the form

V; :klplflmf lf bd (3:]2)

with k;, m, g = constants

Equation (3.72) relates the shear contribution from bond stress in the longitudinal re-
inforcement to the longitudinal reinforcement ratio and the compressive strength of

concrete.

Taking the force in the iongitudinal reinforcement as T = o, pbd , the contribu-

tion from arch-action at a location x = d, according to Bazant, is assumed to be of a

form shown in equation (3.73)

V,=c,-£—bd (3.73)

in which ¢; = constant

Calculating the average shear stress, v, as v = V/bd, the shear stress from equations

(3.72) and (3.73) results in
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v=kp?| £k, Jp (3.74)
(a/d)

with ko= ok
ki, k2, p, g, r = constants to be determined by the statistical fit

The average shear stress from equation (3.74) does not consider the effect of the sec-
tion depth on the average shear stress. Therefore, equation (3.74) is multiplied by a
modified version of the function & 4) (eq. (3.68)) used by Bazant to describe the size

effect.

~1/2
v=k1pp(f'§+k2 ‘/;)r}(pr d ] (3.75)

(ald

The statistical fit of equation (3.75) to a database comprising 296 beams (BaZant and

Kim 1984) yielded

10
v, = m%[\/f_w 30004/ p, /(a/d)’ } [psi] (3.76)

Equation (3.76) represents an ﬁmpi;icai fit of various parameters related to
shear strength and size effect. In fact, most of the parameters used in equation (3.76)
are related to friction, such as the longitudinal reinforcement ratio, concrete strength,
and aggregate size. However, equation (3.76) does not describe the mechanisms con-
trolling the effect of the section depth. It appears to be more appropriate to express

the effect of the section depth on the average shear stress by a model explaining the
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mechanics related to friction as the model proposed by Reineck (Reineck 1990,
1991b), outlined in Section 3.3. By relating frictional stresses to the displacements
due to a rotation of the crack surfaces, Reineck formulates a mechanism that explains
the reduction of shear stresses with increasing section depth. As the section depth in-
creases, and/or the longitudinal reinforcement ratio decreases, the friction-related
stresses along the crack surfaces become smaller, decreasing also the average shear
stress (Reineck 1990, 1991b). In a paper published 13 years after the proposal of
equation (3.76) (Bazant 1997), BaZant develops a fracture mechanics concept that
supports equation (3.76) as an approach to shear design taking into account the effect
of the section depth. This approach describes the failure process in terms of the en-
ergy release in a fractured section of a compression strut in a strut-and-tie model. The
failure state is defined by a limiting depth of the fracture zone. Though the explana-
tion for the development of the fracture zone is different, this model is similar to de-
fining a critical slip between crack surfaces as employed by Reineck (Reineck 1990),

based on work by Walraven (Walraven 19814, b).

The performance of equation (3.76) on test series by Shioya, by Podgorniak and
Stanik, and by Yoshida is compared to the method proposed in this work in Chapter
6. It is shown that while the approach proposed by BaZant generally reflects the size
effect well, it reveals a different behavior for each of the two considered test series.

This is attributed to a the term outside the brackets in equation (3.76).
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3.8 Additional research

Numerous approaches to shear design of RC members have been published in
the open literature. However, these works do not primarily propose shear design
methods, but merely supply to the general knowledge base on shear behavior of RC
members under axial and variable horizontal loads. In other cases, iterative solutions
are proposed, which require programming the iteration algorithm for each member to
be designed. This might give a very good estimate of the shear capacity of the exam-

ined member, but it does not provide a tool for a design “by hand”.

In works following the findings of Watanabe (Watanabe and Ichinose 1991)
and Aoyama (Aoyama 1993), F. Watanabe et al. developed shear design methods for
beams, which are iterative methods suitable for computer-analysis of RC beams (Lee
1996; Nielsen 1999). These empirically developed models are very sensitive concem-
ing the input data for the iterations. Axial load was not considered in the development
of these approaches. A view on the open literature reveals there are several factors
contributing to the shear capacity of squat columns under axial load, which aré not
considered in the models developed for RC beams that it does not appear to be appro-
priate to apply approaches as in {LLee 1996) or (Watanabe and Lee 1998) to RC col-

umns. An adjustment to consider axial loads would be necessary.

Work done by Collins and Vecchio et al. (Collins et al. 1996; Selby et al.
1996) is based on the modified compression field theory (Collins 1991). The first

work (Collins et al. 1996) proposes a shear design method developed for flexural
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members, which was established using an experimental data base of beams under
bending load. The subsequent paper (Selby et al. 1996) is concerned about the ability
of finite element analyses to accurately describe the behavior of concrete elements
subjected to shear and axial compression. However, the scope of these proposals lies
not in the range of members examined in the work at hand, and computer based

methods as inn (Selby et al. 1996) are not considered in the scope of this work.

After reviewing the evaluation of the methods described above (Chapter 4),
there seems to be an apparent discrepancy between the different models as they have
been empirically developed using different databases. Furthermore, the degradation
of shear strength under cyclic load is not directly addressed. The respective models
are limited to the range of input data from the examined specimens. A more phe-
nomenological based mechanical model as demanded by Aschheim (Aschheim 2000)
seems to be more appropriate due to its generality and applicability to a full range of
squat RC columns. Aschheim uses, similar to (Pujol 2000), the Mohr-Coulomb fail-
ure criterion to describe shear strength degradation in terms of cohesion. The “steel”
component of the shear capacity is only considered within the confined compression
zone. It is contributing to the flexural strength of the cross-section. However, the ap-
proach proposed by Aschheim does not take the effects of axial load into account,
even though he mentions that “other assumptions would be more relevant to columns
having externally imposed axial loads” (Aschheim 2000). It is an iterative method not

directly suitable for design purposes.
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4 Evaluation of current methods

4.1 Scope of the evaluation

Four of the previously described methods were evaluated according to their
respective derivations on several databases from the open literature (Berry et al. 2003;
Brachmann 2002; Chen and MacGregor 1993; Kabeyasawa and Hiraishi 1998;
Matamoros and Wong 2003; Reineck et al. 2003; Wood 1990; Zararis 2003). The ap-
proaches as described by Watanabe, Reineck, Pujol, and Priestley were evaluated.
They are the only models of the previously described that are possible to apply to the

existing databases.

A database provided by the University of Washington (UW) comprises 252
rectanguiar RC columns with confined cores under variable lateral load and axial load
as tested by various researchers betﬁeen 1984 and 2002 (Berry et al. 2003). This da-
tabase was modified and extended by Brachmann (Brachmann 2002), resulting in 139
considered members that meet the scope of the work at hand. The modified database
comprises 116 RC members under cyclic shear load and axial compression that re-
portedly developed a flexural mode of failure. Only 30 members reportedly failed in
shear or due to buckling of the tensile reinforcement after yielding of the transverse
reinforcement. The shear subset was extended by the author with test results of eight
members reported by Ichinose (Ichinose et al. 2001). All considered columns were
exposed to axial compression and cyclic lateral load. The models proposed by

Priestley, Pujol, and Watanabe will be evaluated on this database.
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A database comprised by Reineck, Kuchma et al. (Reineck et al. 2003) con-
sists of 395 beams without transverse reinforcement that failed under static shear
load. This database was suggested by Reineck, Kuchma et al. as a comprehensive da-
tabase for the examination of shear behavior of RC beams without web reinforce-
ment. The combined arch / truss model for non-ductile members as proposed by Wa-
tanabe et al., and the model proposed by Reineck for RC beams without web rein-
forcement will be evaluated using this database for monotonic shear load on RC

members without transverse reinforcement.

The database of slender RC members with web reinforcement consists of 168
RC beams that failed under monotonic shear load. This database was comprised by
the author from the open literature (Chen and MacGregor 1993; Zararis 2003). It was

used for an evaluation of the proposal by Watanabe on members with transverse rein-

forcement.

Watanabe’s model and its proposed modifications have also been evaluated on
databases for deep beams and for walls. The database for deep beams comprises 50
deep beams without web reinfor.cement and 146 deep beams that were reinforced.
The deep beam database was collected by Matamoros et al. (Matamoros and Wong

2003), and was extended by the author.

The database for walls was collected from publications by Wood and
Kabeyasawa (Kabeyasawa and Hiraishi 1998; Wood 1990). It includes 146 RC walls

with web reinforcement.
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Properties and calculation results for all examined databases and models are
provided in a file on the accompanying data CD and in the Appendix. The CD con-
tains a Microsoft® Excel spreadsheet file, and an HTML file that can be opened with
any application supporting file formats used for world-wide-web publications. Both
files and the Appendix provide the same information. The respective databases are
listed in separate worksheets on the CD. Comparisons of measured and calculated

responses are provided in figures within this text.

4.1.1 Validation

To compare the approaches described in Chapter 3 to the model proposed in
the subsequent chapters, the shear strength was computed and was related to the re-
spective measured shear strength of the tested specimens. Since the model proposed
in Chapter 5 was calibrated on the same databases, an objective method to validate

and compare the different proposals was to carry out an n-fold cross validation. For

the n-fold cross validation, the databases were divided into ten subsets n = {1,2,...10}
comprised of randomly chosen 90 % of the complete set of data. Using the mean val-
ues i, =V . /Vou )” of each sub-database, the average of the mean values and their

mey

standard deviation were calculated from equations (4.1) and (4.2):

- 1
u==>u (4.1)
)

o= \/~l—i(ﬂf -uf (4.2)

61



The 95 % confidence interval for an unknown empirical value A is given for this

mean value and standard deviation as
P(—/:’— — 0L /\/; sAs ; +O L g1 /\/_"";) =0.95 (4.3)

With a redundant » = n-1 = 9, 11 18 £,. g 975 = 2.26 (Schneider 1998).
Using these values, an interval can be given in the form of eq. (4.4):

ViV

aes cal

=xt1% (4.4)

The interval shows the expected average value Vo Vor with a confidence level of 95
%. If the considered set of data is very small, » becomes the number of tests consid-

ered and the value for ¢, 975 is changed accordingly.

The standard deviation of the ratio of measured to calculated shear strength
and the coefficient of variation will additionally be given for comparisons and evalua-
tion purposes. According to (Schneider 1998), it is not sensible to calculate a confi-
dence interval for the standard deviation for databases of the given size. Therefore,

standard deviation and coefficient of variation will be calculated using complete da-

tabases with the average value g =V, /V.,.

mex
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4.2 Evaluation of the combined truss and arch mode/

The combined truss and arch mode} as proposed by Watanabe et al.
(Watanabe and Ichinose 1991) and described by Aoyama (Aoyama 1993) was out-
lined in Section 3.2. Since this model is considered one of the conceptual foundations
for the approach proposed by the author, it was evaluated as a frame of reference on

all applicable data sets.

The model for non-ductile members was evaluated using the Reineck / Ku-
chma database (Reineck et al. 2003) for members without transverse reinforcement
and the Chen / Zararis database for web-reinforced members (Chen and MacGregor
1993; Zararis 2003). The modification for ductile members was evaluated using the
subset of 38 members with reported shear failures from the UW database (Berry et al.
2003). Adjustments proposed by Watanabe and Kabeyasawa (Watanabe and
Kabeyasawa 1998) were considered and are described below. The model first pro-
posed by Watanabe, included in the AIJ Guidelines (Al 1988), and modified for
walls and high-strength concrete by Kabeyasawa (Kabeyasawa and Hiraishi 1998)
was evaluated using the comprised wall database (Kabeyasawa and Hiraishi 1998;

Wood 1990) and the databases for deep beams (Matamoros and Wong 2003).

4.2.1 Proposed adjustments for high-strength concrete and axial load

In ongoing research on the model proposed by Watanabe, the shortcomings of

the model concerning high-strength concrete and axial load were addressed



(Watanabe and Kabeyasawa 1998). The proposed changes were used in the evalua-

tion of the combined arch — truss approach.
To allow the applicability of the model for high-strength concrete and axial
load, the strength reduction factor was changed to

vof ' =1701+2n) 125 (4.5)

with n = P/(Af";) = axial load level

Additionally, the inclination of the truss was changed to account for possible axial
load. The inclination of the truss was, according to Watanabe and Kabeyasawa, taken

as the minimum value from equations (4.6), but not smaller than 1.0 (Watanabe and

cotg= L“—f—"—l
)wawy

cotgp=2.0-3n (4.6)
Ji
tané-D

Kabeyasawa 1998).

cotg =
Excessive stresses in the shear reinforcement were proposed as limited to
Sy 125V, 1, (4.7)

Similar to the original approach as outlined in Chapter 3.2, the modified equation for

shear capacity is given as

V, =7 5,pufoy 0ot g+ (1~ BYbh-v, f ', tan 0] (4.8)
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With tan & given by eq. (3.3), and 7 given by eq. (3.10):

tan g = [%J +1_% ((3.3) Repeated)

o, _ Pufull+cot’g)

((3.10) Repeated)

A new safety factor y was introduced, taking the following values:

y = 0.91 for beams (4.9)

¥ =0.95 for columns

The values for y are applicable if j, is taken as the distance between centroids of the

reinforcement under tension and compression (Watanabe and Kabeyasawa 1998).

4.2.2 Members without web reinforcement under static shear load

A total of 395 RC beams from the Reineck / Kuchma database were evaluated
according to equations (4.8), neglecting the term related to transverse reinforcement.
The properties and calculated capacities for all members are listed in the worksheet
“Slender beams without web reinforcement” in Appendix A2 and on the supplemen-

tary CD. The respective figures are listed at the end of this section.

The plot of measured to calculated shear strength in Figure 4-1 at the end of
this section shows that the model applied to RC beams without transverse reinforce-
ment largely overestimated the shear capacity of the members. This is especially true
for large measured shear strengths. The mean value of V,./V.ar was found to be 1.08

+ 0.42 %, within a 95 % confidence region. The coefficient of variation was 34.6 %
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resulting from a standard deviation of 0.38. Marked with grey dots in Figure 4-1 and
the subsequent figures are beams tested by Podgorniak / Stanik, and Yoshida et al.
(Reineck et al. 2003). Besides their effective depth o, the properties of these beams
were identically scaled and could be used to evaluate possible size effects related to
the effective depth of the beam. As can be seen in Figure 4-1, their strength was gen-
erally overestimated. Furthermore, the model proposed by Watanabe also increas-
ingly overestimated the shear strength of these members with an increasing effective
depth. This is more noticeable in Figure 4-4, showing a plot of the effective depth

versus the ratio V.o Vear.

Figure 4-2 shows the ratio of measured to calculated shear strength plotted
against the shear-span-to-depth ratio, a/d. With an increasing aspect ratio, Watanabe’s
model becomes increasingly conservative. As previously shown in Chapter 3.2, this is

directly related to equation (4.8), because the expression becomes small for small

values of tan & which is related to the aspect ratio by equation (3.3).

The ratio of measured to calculated shear strength is plotted against the con-
crete compressive strength in Figure 4-3. A distinct unconservative trend with in-
creasing concrete strength is discernible. Especially the strength of beams with a con-

crete strength larger than approximately 60 MPa was overestimated.

As mentioned before, Figure 4-4 shows a distinct trend with respect to the ef-
fective depth of the tested beams. This trend is reflected in the five marked specimens

used to evaluate possible size effects. While the analysis for these members generally
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overestimated the shear strength, it is obvious that the model vielded increasingly un-

conservative results with an increasing effective depth.

The graph in Figure 4-5 shows the ratio of measured to calculated shear
strength plotted against the tensile reinforcement ratio, g, With the scatter evenly dis-
tributed over the entire range, the trend line is considered to give a good estimate of
the general trend with respect to the tensile reinforcement ratio. For low values of g,
the model proposed by Watanabe overestimated the shear strength of the considered
beams. Starting at approximately o = 2 %, the model gave improved results with the
trend line becoming close to horizontal for larger values of p,. The tensile reinforce-
ment ratio influences the depth of the uncracked compression zone and the crack
width in the tensile zone. Contributions related to both of these factors are not consid-

ered in the approach proposed by Watanabe.

4.2.3 Members with web reinforcement under static shear load

The model proposed by Watanabe for RC beams with web reinforcement was
evaluated on a total of 168 beams of the combined Chen / Zararis databases (Chen
and MacGregor 1993; Zararis 2003). The beams are listed in the worksheet “Slender
beams with web reinforcement” on the added data CD and in Appendix A3. Resuits
from an evaluation similar to the one in the previous section are provided for the ap-
plication of equation (4.8), which is considered the improved approach for the model

proposed by Watanabe as previously discussed.
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The ratio of measured to calculated shear strength, plotted in Figure 4-6, was

foundas IV /V  =1.08+0.56% within a 95 % confidence interval. The standard de-

mes caf

viation was 0.26 resulting in a coefficient of variation of 24.36 percent. The plot
shows a trend similar to the one visible in the evaluation of beams without transverse
reinforcement (Figure 4-1). While in low load ranges the model gave a good estimate,
it showed increasingly unconservative results in higher load ranges. The trend was

not as distinct as in the model solely relying on arch action.

The plot of the ratio of measured to calculated shear strength versus aspect ratio in
Figure 4-7 and the following figures confirm the trends that could be seen for the re-
sults for slender beams without web reinforcement. As is generally expected for

members with transverse reinforcement, scatter was smatler,

Figure 4-8 shows the graph of V,./V.n against the compressive strength of
concrete, Similar to results seen in the evaluation of the database for beams without
transverse reinforcement, a negative trend with respect to high-strength concrete

beams 1s discernible with the scatter evenly spread out over the full set of data.

Increasingly unconservative estimates for larger effective depths are evident
in Figure 4-9. This graph shows the ratio of Vi../V.u plotted against the effective
depth d. A set of data to investigate solely the effect of member size comparable to
the beams without web reinforcement tested by Podgorniak / Stanik and Yoshida et
al. is not available. The fact that the tested data is evenly represented over the covered

range of effective depths, however, shows that the trend was related to the effect of d.
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The ratio of measured to calculated shear strength is plotted against the tensile
reinforcement ratio in Figure 4-10. The distinct trend that was visible for slender
beams without transverse reinforcement diminished slightly. For tensile reinforce-
ment ranges between approximately 0.5 and 1.5 percent, the model gave unconserva-

tive results. The model yielded better results that correspond to the total average value

of ¥ 1V

mes caf

=1.08+0.56% for p, larger than approximately 1.5 percent.

4.2.4 Columns under cyclic loading

A database comprised of 38 RC columns of the UW, Brachmann, and Ichi-
nose databases (Berry et al. 2003; Brachmann 2002; Ichinose et al. 2001) that report-
edly failed under cyclic shear was examined using equation (4.8), the modification
of Watanabe’s model. Column properties can be found in the “Seismic shear failure”

worlksheet on the accompanying CD and in Appendix A7.

While the original approach by Watanabe did include specific regulations for
ductile members (Aoyama 1993; Watanabe and Ichinose 1991), the modification by
Watanabe and Kabeyasawa does not explicitly include such pro'visions. Since Wata-
nabe and Kabeyasawa do not address cyclically loaded columns (Watanabe and
Kabeyasawa 1998), it was concluded that a further reduction depending on the drift
ratio is appropriate and a safe assumption. In this evaluation, the reduction factor of

equations (3.15) and (3.16) was used.

v=(1-15R v, for R, <0.05 ((3.15) Repeated)
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V= — for 8,> 0.05 ((3.16) Repeated)

Figure 4-11 shows a comparison of measured maximum shear strength to calculated
shear strength. It is apparent that the proposed model underestimated the shear capac-
ity of RC columns for a considérable portion of the examined columns. This confirms
the trends discernible for static shear load. The mean value of measured to calculated

shear strength was V. /V,_, =0.75+1.31% within a 95 percent confidence interval.

ey cal

As can be expected, the scatter for Ve Ve was considerable, but not excessively

high for shear failures under cyclic lateral load. The standard deviation was found to

be 0.30 with a coefficient of variation of 39.8 percent.

A plot of the ratio of measured to calculated shear strength against the aspect
ratio is shown in Figure 4-12. This plot does not confirm the trend apparent for stati-
cally loaded members. Under lateral load reversals, a slight negative trend towards
larger aspect ratios is visible. It should be noted, though, that the majority of exam-

ined columns had smaller shear-span-to-depth ratios than previously considered.

A slight negative trend with respect to the compressive strength of concrete
can be observed in Figure 4-13, which agrees with similar findings for members un-

der static load.

Figure 4-14 shows Ve V.q plotted against the level of axial load. A slight
negative trend can be seen, showing increasingly unconservative results for increas-

ing axial loads. Still, axial loads exceeding approximately 30 percent of the axial
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strength of the member are largely underrepresented. The visible trend could thus also
be the result of the specific test series by Zhou et al. with P/(4f°.) = 0.7. It is stated in
(Watanabe and Kabeyasawa 1998) that axial loads exceeding 60 % of the axial capac-
ity were found to decrease shear strength. This was attributed to additional strain de-
mand in the transverse reinforcement.

The ratio of measured to calculated shear strength is plotted versus drift ratio
in Figure 4-15. Obviously, the model overestimated the effect of lateral drift, showing
unconservative results mostly for small drifts. With increasing deflections, the model
proposed by Watanabe became increasingly conservative, yielding relatively good

results at a drift ratio of approximately five percent and larger.

4.2.5 Deep beams and walls

The capacity of deep beams and walls was calculated using the modification
of Watanabe’s model by Kabeyasawa and Hiraishi (Kabeyasawa and Hiraishi 1998).
All walls and deep beams are listed in the “Walls database” and “Deep beams” work-

sheet included in the provided spreadsheet file and in the Appendix.

Kabeyasawa et al. propose to reduce the compressive strength of concrete by a factor
v=17f'"" {4.10)

Reducing the concrete strength /°. by (4.10), is equivalent to reducing /. according to

eq. (4.5) if no axial load is considered:
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VI =LTER

=17/ =17f 0%
This is not surprising, because the modification for high strength concrete and walls
by Kabeyasawa et al. was also proposed in the context of the “New RC proposal”,
and comes from the co-author of the previously described adjustment for high-
strength concrete and axial loads (Kabeyasawa and Hiraishi 1998; Watanabe and
Kabeyasawa 1998). The original proposal by Watanabe (Watanabe and Ichinose
1991) was modified by expression (4.10) to account for high-strength concrete ac-
cording to Kabeyasawa (Kabeyasawa and Hiraishi 1998) to evaluate the shear

strength of deep beams and walls.

4.2.5.1 Deep beams without web reinforcement

The model was evaluated on 50 deep beams without transverse reinforcement
of the deep beam database comprised by (Matamoros and Wong 2003). The approach
proposed by Watanabe relies on arch-action. It was expected to give good estimates
of the shear strength of deep beams, because arch-action is considered the main load-
carrying mechanism for deep members. Figure 4-16, though, shows that arch-action
as considered in the proposed model greatly underestimated the shear strength of deep
members. A reason for this could be that calculating the strut width from D/2 might
overestimate the vertical dimension of the strut and additionally it does not fulfill ba-
sic equilibrium, but it also underestimates the horizontal dimension of the strut. The
average value of measured to calculated shear strength for the examined data was

found as ¥V, /V. , =1.52+0.94% within a 95 percent confidence region. The three

mes cal
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specimens of which the strength was overestimated are beams tested by Kong et al.
(Kong et al. 1994) with very low aspect ratios of a/d = 0.46. Small shear-span-to-

depth ratios increase the value of tan 8, therefore increasing the calculated strength.

The specimens tested by Kong are also visible in Figure 4-17, showing the ra-
tto of measured to calculated strength plotted against the aspect ratio. The majority of
tested beams had aspect ratios exceeding 1.0, and the scatter for these is evenly dis-
tributed. The three specimens tested by Kong are the only beams with such a smali

aspect ratio in the considered set of data.

Figure 4-18 shows a distinct trend towards increasingly unconservative values
with an increasing concrete strength. The two specimens with the highest concrete
strength, though, are the previously mentioned beams tested by Kong et al. It 1s there-
fore possible that the marked trend was amplified by other factors as the aspect ratio.
The third of the mentioned Kong specimens had a concrete strength of approximately

40 MPa. It 1s marked by the lowest tick within this strength range.

Figure 4-19 and Figure 4-20 confirm earlier detected trends with respect to the

effective depth and the tensile reinforcement ratio.

4.2.5.2 Deep beams with web reinforcement

The database used to examine deep beams (Matamoros and Wong 2003) in-
cludes 146 members with web reinforcement. Figure 4-21 through Figure 4-25 show
the results from an evaluation following the model proposed by Watanabe (Watanabe

and Ichinose 1991) and modified by Kabeyasawa (Kabeyasawa and Hiraishi 1998).
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The plot of measured against calculated shear strength in Figure 4-21 reveals
relatively small scatter and a negative trend that was mostly caused by significantly
overestimating the strength of six beams. These beams are specimens with relatively
high ratios of vertical reinforcement (o, = 2.45 %) tested by Kong et al. (Kong et al.
1970). Additionally, these beams had very low aspect ratios. The model proposed by
Watanabe does not limit the angle of the truss for deep members. As briefly discussed
in Chapter 3.2, a truss as depicted in Figure 3-2 cannot develop in D-regions, because
the inclined compression field cannot develop in the end regions of a member. As-
suming an evenly distributed truss mechanism over the entire length of a deep beam

might therefore overestimate the strength of this beam.

The average of measured to calculated shear strength was 1.04 = 0.31 %
within a 95 percent confidence region for the examined dataset. The standard devia-

tion was 0.22, resulting in a coefficient of variation of 20.8 percent.

Figure 4-22, Figure 4-23, and Figure 4-24 display no visible trends related to
aspect ratio, concrete strength, and effective depth, respectively. The model as pro-
posed by Watanabe appeared to give good results with evenly spread out scatter over
the entire respective ranges in deep beams with web reinforcement. This can be seen
as an indication that conceptually a combination of truss and arch action is sensible
for stocky members. The slight trend towards increasingly conservative results with
an increasing tensile reinforcement appears diminished for deep beams with web rein-

forcement.
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4.2.5.3 Walls

The modification of Watanabe’s model by Kabeyasawa was originally pro-
posed for the application on walls. It was evaluated on a database comprised by tests
considered by Wood (Wood 1990) and Kabeyasawa (Kabeyasawa and Hiraisht 1998;
Wallace 1998). The database includes 146 wall specimens with varying geometry of
boundary elements. Barbell-type walls, flanged walls, and rectangular walls were
considered. The load was applied monotonic, in alternating reversals, or repeatedly in
the same direction. The model by Kabeyasawa was applied on the wall panels, with-
out considering the boundary elements. Because the approach proposed by Watanabe
and Kabeyasawa does not consider bi-directional web reinforcement, only the hori-
zontal web reinforcement, i.e. in load direction, was considered. Any strength from

vertical web reinforcement was neglected.

Figure 4-26 shows the plot of measured to calculated shear strength of the ex-
amined wall specimens, The same trend as for web reinforced deep beams can be
seen: With increasing measured strength, the predicted strength became increasingly
unconservative and scatter became larger. The two walls with the most unconserva-
tive estimates are specimens tested by Paulay (W1, W3) (Wood 1990). Their strength
was greatly overestimated by the truss model; the arch component is zero. As was the
case for the previously mentioned deep beams tested by Kong, specimens W1 and
W3 have relatively low aspect ratios in combination with a relatively high horizontal
web reinforcement ratio. The overall scatter in the ratio of measured to calculated

shear strength was in a reasonable range. The standard deviation was 0.3, the coeffi-
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cient of variation 32.4 percent. The average value of measured to calculated strength

was found to be 0.93 £ 0.43 % within a 95 percent confidence interval.

Plots of the ratio measured to calculated shear strength against aspect ratio,
concrete strength, wall panel length, and tensile reinforcement ratio are shown in
Figure 4-27, Figure 4-28, Figure 4-29, and Figure 4-30, respectively, They confirm
the slight trends that were visible for the model applied on other specimens, espe-

cially deep beams,

Figure 4-31 shows a plot of the ratio of measured to calculated shear strength
against the axial load level, P/(4f°.). Axial loads on the wall specimens were mostly
very low, between 0 and 0.3 percent. In combination with higher axial loads, a trend
to be more conservative can be observed. However, if only axial loads between ap-
proximately 7 and 18 percent of the axial strength of the walls are considered, no bias

with axial load is evident.
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Figure 4-1 Measured versus calculated ultimate shear strength for slender beams without frans-
verse reinforcement following Watanabe's approach
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Figure 4-2 Ratio of measured to calculated shear strength versus aspect

nabe's approach for slender RC beams without web reinforcement
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Figure 4-3 Ratio of measured to calculated shear strength versus compressive strength of con-

crete for slender RC beams without web reinforcement following Watanabe's approach
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Figure 4-4 Ratio of measured to calculated shear strength versus effective depth for slender RC

beams without web reinforcement following Watanabe's approach
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Figure 4-5 Ratio of measured to calculated shear strength versus tensile reinforcement ratio for

slender RC beams without web reinforcement folowing Watanabe's approach
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Figure 4-6 Measured versus calculated shear strength for slender beams with transverse rein-

forcement foilowing Watanabe's approach
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Figure 4-7 Ratio of measured to calculated shear strength versus aspect ratio following Wata-

nabe's approach for slender RC beams with web reinforcement
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Figure 4-8 Ratio of measured to calculated shear strength versus compressive strength of con-
crete for slender RC beams with web reinforcement following Watanabe's approach
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Figure 4-9 Ratio of measured to calculated shear strength versus effective depth for slender RC

beams with web reinforcement following Watanabe's approach
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Figure 4-10 Ratio of measured to calculated shear strength versus tensile reinforcement ratic for

slender RC beams with web reinforcement following Watanabe's approach
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Figure 4-11 Measured versus calculated shear strength for RC columns under cyclic lateral load

following Watanabe's approach
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Figure 4-12 Ratio of measured to calculated shear strength versus aspect ratio for RC columns

under cyclic lateral load following Watanabe's approach
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Figure 4-13 Ratio of measured to calculated shear strength versus compressive strength of con-

crete for RC columns under cyclic lateral load following Watanabe's approach
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Figure 4-14 Ratio of measured to calculated shear strength versus axial load for RC columns

under cyclic lateral load following Watanabe's, approach
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Figure 4-15 Ratio of measured to calculated shear strength versus drift ratie for RC columns

under cyclic lateral load following Watanabe's approach
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Figure 4-16 Measured versus calculated shear strength of deep beams

reinforcement following Watanabe's approach
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Figure 4-17 Ratio of measured to calculated shear strength versus aspect ratio of deep beams

without web reinforcement following Watanabe's approach
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Figure 4-18 Ratio of measured of measured to calculated shear strength versus concrete strength

of deep beams without web reinforcement following Watanabe's approach
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Figure 4-19 Ratio of measured to calculated shear strength versus effective depth of deep beams

without web reinforcement following Watanabe's approach
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Figure 4-20 Ratio of measured to calculated shear strength versus tensile reinforcement ratio of

deep beams without web reinforcement following Watanabe's approach
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Figure 4-21 Measured to calculated shear strength of deep beams with web reinforcement fol-

Iowing Watanabe's approach
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Figure 4-22 Ratio of measured to calculated shear strength versus aspect ratio for deep beams

with web reinforcement following Watanabe's approach
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Figure 4-23 Ratio of measured to calculated shear strength versus concrete strength for deep

beams with web reinforcement following Watanabe's approach
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Figure 4-24 Ratio of measured to calculated shear strength versus effective depth of deep heams

with web reinforcement foilowing Watanabe's approach
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Figure 4-25 Ratio of measured to calculated shear strength versus tensile reinforcement ratio of

deep beams with web reinforcement following Watanabe's approach
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Figure 4-26 Measured to calculated shear strength of walls following Watanabe's approach
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Figure 4-27 Ratio of measured to calculated shear strength versus aspect ratio of walls following

Watanabe's approach
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Figure 4-28 Ratio of measured to calculated shear strength versus concrete strength of walls fol-

iowiﬁg Watanabe's approach
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Figure 4-29 Ratio of measured to calculated shear streagth versus wall panel length following

Watanabe's approach
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Figure 4-30 Ratio of measured to calculated shear strength versus tensile reinforcement ratio of

walls following Watanabe's approach

106




Figure 4-31 Ratio of measured to calculated shear strength versus axial load

ratio of walls fol-

lowing Watanahe's approach
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4.3 Shear strength of slender RC beams without transverse

reinforcement

The calculation of the ultimate shear force following the proposal by Reineck
as described in Section 3.3 (Reineck 1990, 1991b) was performed using equation
{(3.33) on a database of 395 slender RC members that failed in shear. This database
was collected by Reineck and Kuchma as a comprehensive database for the evalua-
tion of analytical models for the shear behavior of RC members without transverse
reinforcement (Reineck et al. 2003). Beam properties are listed along with the ratios
of measured to calculated shear strength on the “Slender beams without web rein-
forcement” worksheet on the accompanying CD and in Appendix A2. Abbreviations

for the evaluation of equation (3.33) can be found in Chapter 3.3.

p_ bd04-f, 4V,
1+o.161u(3—1j
r\a

The evaluation of the database yielded generally satisfactory, but slightly con-

{(3.33) Repeated)

servative, results. The mean value of the ratio of measured to calculated shear
strength was 1.55 £+ 0.46 % within a 95 % confidence region. The standard deviation
was found to be 0.42, resulting in a coefficient of variation of 27.43 %. Figure 4-32
shows a plot of measured against calculated shear strength. Only a slight negative
trend is apparent, which might also be the result of single test specimens. Indicated
with grey marks are again the specimens scaled to verify the effect of the effective

depth, d. These beams were previously described in the evaluation of the model pro-
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posed by Watanabe on RC beams without web reinforcement. Compared to the model
proposed by Watanabe, bias with respect to the effective depth seems to be of less
concern. Only a slight trend to increasingly unconservative estimates with increasing
effective depths is to be seen, which is a trend that is confirmed by Figure 4-35, the

plot of Ve Ve against the effective depth, d.

The aspect ratio of the examined beams is plotted against the ratio of meas-
ured to calculated strength in Figure 4-33. The approach proposed by Reineck ap-
pears to be slightly biased for low aspect ratios between 2.5 and 3.5. A reason for this
could be that this range of the aspect ratio is a transitional range, in which part of the
shear is carried by arch-action, while the other part 1s carried by friction and the con-
tribution of the compression zone. The model proposed by Reineck does not account
for possible arch-action. A transttion from arch-action to components relevant for

“slender members will be addressed in the development of the proposal by the author

in Chapters 5 and 6.

Figure 4-34 displays bias of the model proposed by Reineck with respect to
the compressive strength of concrete. The model tends to overestimate the shear
strengths of members with high-strength concrete. Scatfer is spread relatively even
along the plotted trend line, indicating that the trend line is giving an appropriate es-

timate of member behavior.

A trend towards increasingly conservative values with increasing ratios of ten-
sile reinforcement is discernible in Figure 4-36. Though the majority of tested beams

had tensile reinforcement ratios in the range of approximately 0.3 % to 3.5 %, a trend
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towards larger values of p, is obvious. This could be related to an underestimation of
the contribution from the compression zone, which increases with an increasing depth

of the neutral axis, again increasing with larger tensile reinforcement ratios.

Overall, the model proposed by Reineck seemed to give good results; it might
not consider additional contributions accordingly, though. The trends with respect to
the aspect ratio, and the tensile reinforcement ratio, could be lessened by considering
a contribution from arch-action for small and intermediate shear-span-to-depth ratios.
The tensile reinforcement ratio indirectly affects a possible arch contribution by in-

creasing the neutral axis depth, and therefore the strut width of a possible arch.

A combination of arch-action with frictional and compression zone related

components will be proposed by the author in the course of this study.
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Figure 4-32 Measured versus calculated shear strength of slender RC beams without web rein-

forcement following Reineck’s proposal

It




-
!
* @ L oo
©
o * -~ g
. =
. E
£
L i)
. ks
?, 1 © e
'y u
* >c_>
o
* c
m
=
0’ 'E
3 S L v o
&
o
2
. T 5
= -
a
o
)
< ]
@
W0
i
2
L
.
@
8
L o™ 2
oo % ¥ 3
.
e * o on ,};
: o . =
; SR Ao - A £
3
o
oo *
: -
|
; =
[fe} < © 8 — o
|25A’sa|.un

Figure 4-33 Ratio of measured to calculated shear strength versus aspect ratio of slender RC

beams without web reinforcement following Reineck's proposal
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Figure 4-34 Ratio of measured to calculated shear strength versus concrete strength of slender

RC beams without web reinforcement following Reineck's proposal
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Figure 4-35 Ratio of measured to calculated shear strength versus effective depth of slender RC

heams without web reinforcement following Reineck's proposal
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Figure 4-36 Ratio of measured to calculated shear strength versus tensile reinforcement ratio of

slender RC beams without web reinforcement following Reineck's proposal
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4.4 Drift capacity model

The analysis model based on drift capacity as proposed by Pujol et al. (Pujol
2000) was evaluated on the 38 columns of the combined UW / Brachmann / Ichinose
database of columns under reversed cyclic load that failed in a shear related mode
(Berry et al. 2003; Brachmann 2002; Ichinose et al. 2001). 17 of the available speci-

mens meet the limits listed in Section 3.4, 1.e. these 17 columns had an axial stress oy
smaller or equal to 0.35/°, and a nominal unit shear stress range from 0.5 to 1.1/ /",

MPa. Computational results and column properties are listed in Appendix A7 and in

the “Seismic shear failure” worksheet on the supplementary CD.

It was expected that solving equation (3.41) for an ultimate shear capacity
(equation (3.42)) would not yield reasonable results in its application on tested
specimens, because the tested specimens were not built according to the proposed de-
sign equation. Formulation (3.41) allows for one specific transverse reinforcement

ratio related to assumed conditions in the member.

Py = 4, =[§-a+1——§—\!a2wﬁ2];—" {(3.41) Repeated)

sb. |8 "
Vo= %[M + %a’ - 1J(P + T) ((3.42) Repeated)
O-C?

Plotted in Figure 4-37 is the evaluation of the analysis of the 17 columns analyzed by
equation (3.42). Even though the number of evaluated data is small, it is obvious that

the shear capacity of these columns was greatly underestimated. The mean value of
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measured to calculated shear strength was 4.47 = 3.12 % within a 95 % confidence
interval. The standard deviation was 3.84, resulting in a coefficient of variation of

86.1 percent.

Because it is obviously not sensible to use the model proposed by Pujol et al.
for the calculation of capacities of tested specimens, this approach was not investi-

gated further.



o
]
(]
fan]
o
o
[=]
(=]
o
z
cy X
2 =
>
*
[ue]
* r e
*4
L
Y3}
*
F o
[ o [ o o = L]
[y Ly [=) w0 (=] Ly
o (2] o~ — —
o] =
Figure 4-37 Measured to calculated shear strength. of columaus under cyclic shear following Pu-
jol's approach

118




4.5 Influence of ductility demand on shear capacity

The calculation of the ultimate shear capacity based on displacement ductility
was described in Chapter 3.5 as proposed by Priestley (Priestley 1994). The verifica-
tion of this method was carried out on 38 RC columns of the combined UW / Brach-
mann / Ichinose database, which was previously used for the evaluation of the model
proposed by Watanabe for seismically loaded columns (Berry et al. 2003; Brachmann
2002; Ichinose et al. 2001). The evaluation followed equations (3.46), (3.47), (3.50),

and (3.52) for rectangular columns:

V=V +V,+ V5 ((3.46), repeated)
V.=kyf' A4, ((3.47), repeated)
D-c
V,=P tana=P- 5 ((3.50), repeated)
4)
A f.D
V. = Jiyf—cot 30° ((3.52), repeated)

&

Column properties and the ratio of V,.s/Vex for the respective specimens are listed in

Appendix A7 and on the “Seismic shear failure” worksheet on the added CD.

Figure 4-38 shows that the method as described by Priestley (Priestley 1994)
considerably overestimated the shear capacity of the examined columns. The evi-
dently large scatter was considered acceptable for this mode of failure. However, a

mean value of ¥V /¥, =0.55£1.67% within a 95 percent confidence region with a

mey cal

negative trend towards increasing shear loads is very unconservative. The shear
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strength of only one column was safely predicted. The standard deviation for the con-

sidered database was 0.21, the coefficient of variation 38.12 percent.

The fact that no considerably distinct negative trends are visible in the follow-
ing plots indicates that the model proposed by Priestley generally overestimated the
shear capacity of cyclically loaded members. One reason can be that the “concrete”
component is reduced with respect to the drift, but not the truss component. Several
researchers have pointed out that under seismic loads the strength of concrete related
components and the truss component degrades (Ichinose et al. 2001; Kinugasa 2001;

Watanabe and Ichinose 1991).

The model proposed by Priestley showed no bias with respect to the aspect ra-
tio for the specimens considered. The ratio of measured to calculated shear strength is

plotted against the shear-span-to-depth ratio in Figure 4-39,

A slight trend can be seen with respect to the compressive strength of con-
~ crete. Figure 4-40 shows very unconservative estimates of the shear strength of high-
strength concrete columns. However, in view of the small amount of available data in

this range, no exact statement can be made.

The same holds true for the effect of axial load. It appears that large axial de-
mands caused the model to overestimate greatly the shear strength (Figure 4-41). This
could be due to the direct relation between axial load and shear capacity by equation

(3.50). Nevertheless, only limited data was available in the load range of 70 percent
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of the axial strength, and no data was available between load levels of approximately

35 % and 70 %. Therefore, the trend could also be the result of single test specimens.

A slight negative trend with respect to drift is apparent in Figure 4-42. The ra-
tio of measured to calculated shear strength is plotted against displacement ductility
instead of drift ratio, because the “concrete component” in Priestley’s model is re-
duced with respect to displacement ductility. As can be concluded from the evenly
spread out range of ductilities considered, a negative trend is apparent for increasing

ductility demand.

From this evaluation, it can be concluded that the approach proposed by
Priestley did not only overestimate seismic shear strength of RC columns because it
neglects strength degradation of the truss component, but the model also underesti-
mated other effects. The direct relation of axial load to shear strength led to increas-
ingly large overestimations of the shear strength with increasing axial load. The ca-

pacity of high-strength columns appeared to be overestimated by equation (3.47).
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Figure 4-38 Measured to calculated shear strength of RC columns under cyclic lateral load fol-

fowing Priestley’s approach
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Figure 4-39 Ratio of measured to calculated shear strength versus aspect ratio for RC columns

under cyclic load following Priestley's approach
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Figure 4-40 Ratio of measured to calculated shear strength versus concrete strength for RC

columns under cyclic load following Priestley's approach
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Figure 4-41 Ratio of measured to calculated shear strength versus axial load level of RC columns

under cyclic load following Priestley’s approach
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Figure 4-42 Ratio of measured to calculated shear strength versus displacement ductility for RC

columns under cyclic load following Priestley's approach

126




5 Proposed model for the load-carrying mechanism

5.1 Problem statement

To describe the load-carrying mechanism of an RC member under combined
axial and cyclic shear load, a model has to be found that represents the different load-
carrylng components within the member, and which can be easily adiusted to the
given design case. Moreover, the concept has to be cohesive, i.e. it has to fulfill re-
quirements set by equilibrium of forces and by compatibility, and the model has to be

physically explicable. As a design aid, the model to be developed has to be simple to
apply.
An RC member subjected to axial and cyclic lateral load will develop a crack

pattern similar to the one shown in Figure 5-1.

v I

[—

AEL S SERCR R AR S U SRR

Figure 5-1 Column under axial and lateral load
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Resulting from the applied shear load, inclined cracks develop along the
member axis, directing from the side of loading towards the opposite corner at the
supports. These cracks will as well develop on the opposite side of the member after
the shear load is reversed, forming an X-shaped crack pattern in the plane of the lat-
eral load. In general, the member can either fail by a combination of axial load and
bending moment (flexural failure), or by shear failure along the described inclined
cracks. The latter is of concern in the work at hand. Because of its brittle and sudden
nature, a general design objective is to avoid shear failure by keeping the shear resis-
tance of the structural element higher than the flexural resistance. This is one of the
aspects of the capacity-design approach as extensively described by Paulay and

Bachmann (Bachmann 1995, 2000; Paulay 1990).

To develop a model for the shear resisting mechanisms in an RC member un-
der axial and reversed shear load, the influence of effects from crack geometry, axial
load, shear span-to-depth ratio, member depth, and from possible web reinforcement
has to be taken into account. One way to illustrate the structural behavior 1s a repre-
sentation of the load-carrying mechanism by a combination of arch and truss mecha-
nisms, which was also developed by Watanabe and Aoyama for beams under com-
bined bending and shear load (Aoyama; Watanabe and Ichinose 1991). Using a com-
bination of arch- and truss model ensures the applicability of the model for various

member geometries from stocky members with aspect ratios smaller than 2.5 to slen-

der members with a/d = 2.5.
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It is reasonable to distinguish the two load-carrying mechanisms of arch and
truss action, since it allows for a wide range of applications. For example, as de-
scribed in a report by F. Watanabe and T. Kabeyasawa (Watanabe and Kabeyasawa
1998), tests at Tokyo Metropolitan University showed that a relatively small concrete
core area within beams reduced the effectiveness of the truss action. It follows that a
distinction between the two models and “shifting” the demand on the truss to the ca-
pacity of the arch will be able to describe the member behavior more accurately. In
the same report, it is stated that as the effective capacity of the transverse reinforce-
ment was increased, the overall shear strength was increased, independent of the
amount of axial load (Watanabe and Kabeyasawa 1998). An increase of the amount
of axial load had a positive effect on the shear capacity up to load levels of P = 0.6
AS .

As tests on slender RC members at the University of Kansas have shown,
some shear cracks developed first within the confined area of the column, before
propagating towards the exterior surfaces, or before merging with flexural cracks.
The crack pattern made clearly visible that an inclined compression field was estab-
lished between the tensile reinforcement up to the compression zone. As the size of
the compression zone was decreasing in the progression of the test, the cracks devel-
oped further into the compression side of the member. The cracks developed on the
tension side of the column were inclined first and joined flexural cracks normal to the
column surfaces. Strut action was not apparent after initial cracking, as expected for

these relatively slender members with aspect ratios of @/d = 3.85 and 2.5.
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In the following, the nominal shear capacity ¥, will be described as a superpo-
sition of arch-action, truss-action, and a “concrete component” that represents the
shear capacity of the uncracked compression zone of the member and friction in the
cracked tension zone. In the following, the load-carrying mechanism between two
cracked surfaces will be referred to as “friction”, instead of the widely used term “ag-
gregate interlock™, since this mechanism is as well apparent in higher strength con-
cretes, in which due to the fracture of aggregate particles “aggregate interlock™ would
be misleading. In general, the nominal shear capacity is expressed as

) 5.1)

A subdivision of the total nominal shear strength into superimposed components al-
lows using various combinations of the components in their respective areas of appli-
cation. Because of their similar range of application, in the following, the sum of

truss-action and concrete component will be called the “truss model”.

While the subsequent Sections 5.2 and 5.3 describe the respective load-
carrying mechanisms without interaction, Chapter 7 focuses on the calibration of the
proposed model and on the combination of the different mechanisms for several
member configurations. Several functions that account for the transition between the
mechanisms described in Sections 5.2 and 5.3 are described in Chapter 7. It is impor-
tant to distinguish between the combinations and their respective range of applicabil-
ity, and the sole load-carrying mechanisms. A summary of the shear-resisting compo-

nents considered in the proposed model is provided in Section 5.3.
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5.2 Proposed combined arch and truss model

5.2.1 Arch-action

A non-reinforced concrete panel under lateral load is able to carry the applied
shear force towards the support by a single compression strut C; as depicted in Figure
5-2. This is the most direct and lowest energy load path. The longitudinal reinforce-
ment along the member axis carries the axial tensile component 7 of the force in the
diagonal strut. The strut is inclined at an angle 8. The tensile capacity of the tie (that
is, the longitudinal reinforcement), the effective compression strength of the concrete,

and the geometry of the member define the maximum force in the strut.

Figuare 5-2 Panel with inclined strut

As the angle & decreases with increasing slenderness of the member, tension
in the reinforcement and compression in the strut increases. For a changing amount of
shear force and a given tensile capacity of the longitudinal reinforcement, the respec-
tive inclination of the strut would need to be changed by varying the width, 5, of the

member to equilibrate the vertical forces. For example, for an increased lateral force,
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¥, and a given tensile capacity of the reinforcement, the angle ¢ needs to be increased
to withstand the higher load by lowering the demand on the tensile reinforcement. On
the other hand, the maximum load in the strut is limited by its compressive capacity.
Thus, the capacity of the arch mechanism is limited by the tensile capacity of the lon-

gitudinal reinforcement, and by the compressive capacity of the strut.

In slender members, another possibility to maintain strut action is to cut the
part of the strut that extends to the outside of the member, and to move it to the inside
of the member, while tying it to the original strut with tension chords as shown in
Figure 5-3 a). This was earlier described by Specht (Specht 1986, 1987). As the slen-
derness of the column increases, an increasing number of strut sections needs to be
relocated and tied back to their origin, eventually forming a strut-and-tie truss as de-

picted in Figure 5-3 b). A strut-and-tie truss model is described in Chapter 5.2.2.

A

4

o e o e e e A
o e R e T

a) cut strut b) strut-and-tie

Figure 5-3 Transformation from strut model to strut-and-tie model
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By definition, a strut can only develop along uncracked areas within the cross
section. Therefore, the strut cannot cross cracks, and because the cracks are inclined
and can propagate from the column base, the strut has to be formed at an angle equal
to or larger than the crack inclination. Commonly, the inclination of shear cracks in a
slender laterally loaded RC member without axial load is taken as #=30°+4°
{ASCE-ACT Committee 445 1998; Specht 1986), with the smallest crack inclination
being approxiﬁately 26°. This is consistent with the limiting value of the arch angle
in Watanabe’s model of cot@ <2 (Aoyama; Watanabe and Ichinose 1991), which is
based on an assumption for the crack width reduction by Thiirlimann (Thiirlimann
1979). Following this discussion, it is safe to assume that the strut-inclination has to
be larger than the angle of the cracks at failure to maintain its compressive capacity.
Using the srﬁallest angle within the range of 30° & 4° results in a lower limit of the

strut inclination of
0>26° (5.2)

It can be argued that the angle of the crack inclination is the same as the angle
of the axis of principal stresses, which is the basic assumption used in the compres-
sion field theory (Collins et al. 1996). However, as reported by ASCE-ACI Commit-
tee 445 (ASCE-ACI Committee 445 1998), researchers found that due to tensile
stresses normal to the compression struts, or due to shear stresses transferred by fric-
tion along the inclined cracks, the angle of the principal compression stress is smaller

than the crack inclination (ASCE-ACI Committee 445 1998). Consequently, for the



model to be developed, it appears to be more appropriate to use the empirically estab-

lished limit of #=30°+4°,

Further limits are set by the geometry of the member, because the strut cer-
tainly has to be located within the member itself if it is not tied back by stirrups, as
described before. Since the compression force in the strut is anchored along the ten-

sile reinforcement, it follows that the angle is limited by the effective depth 4 and the

shear-span to:
a
cotf) < — 5.3
. (5.3)

It should be noted, though, that arch-action 1s also possible in RC members
with a/d > 2. The arch component gradually decreases with increasing slenderness.
The ultimate state for small aspect ratios is a direct strut under axial compression with
a negligible lateral component. Howe\.zer, it is not advisable to use arch-action as a
sole load-carrying mechanism for these members. Additional components as de-

scribed in the following chapters provide additional strength.

Within the limits defined by equations (5.2) and (5.3), the inclination of the
strut can be calculated as follows. Referring to Figure 5-4, the strut inclination & is
given by the connection of the loading point of the lateral force ¥ and its resisting
counterpart at the support. This connection forms the centerline of the strut. The
width of the strut does not necessarily need to be equal along its length. It is more
likely that the strut has a tapered or a “bottle” shape (lschlaich et al. 1987). However,

for a given concrete strength and a given applied load V| the capacity of the strut will
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be limited to the stress at its smallest cross-section. The smallest cross-section of the

strut 1s located at the point of loading or the support.

| d |
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Figure 5-4 Definition of strut inclination
Taking / as the distance from the column base to the loading point and #/2 as
the distance from the column base to the resisting force in the support, & can be ex-

pressed as

cotd = I+;/2 (5.4)

with  d = effective depth of the member

r = maximum depth of the strut along the column axis, limited by the

effective compressive bearing strength of the concrete at the nodes, £,/ .
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(5.5)

‘with & = member width

B = strength reduction factor

5.2.1.1 Strength reduction factor for monotonic lead

The strength reduction factor for the nodal zones, f,, depends on the support
conditions for the member. A common situation is that the member to be designed is
located in an RC structural frame and thus is supported by beams on both sides of the
members. For the node, this means the strut is supported by one tension zone and two
zones under compression as shown in Figure 5-5. The tension zone will be formed by
the tensile reinforcement in the beam. A similar situation will occur at the loading
point in a cantilevering member supported by a foundation. In Figure 5-4, this is the
node on top of the member. For a wall, the governing node, and therefore strut width,
1s the loading point, since, due to its relative size, the influence of the compression

zone depth becomes insignificant to determine the highest amount of stresses.

136




Figure 5-5 CCT Node

According to the ACI Building Code 2002 (ACI-318 2002), the compressive
strength of the concrete at CCT nodes is reduced by a factor of £, = 0.68. This value
agrees with the effective stress level introduced by Schlaich et al. for tensile strains
and/or reinforcement at one nodal zone (Schlaich et al. 1987). Based on the state of
stresses at the nodes in strut-and-tie models, Schlaich et al. proposed effective
strength factors that are depending on the concrete compressive design strength.
Those factors are considering the stress distribution, i.e. they reduce the concrete
compression design strength, due to tensile stresses at the nodes. The factor of

0.8/,=08-0.85/" =0.68/", is applied “if tensile strains in the cross direction or

transverse tensile reinforcement may cause cracking parallel to the strut with normal
crack width,; this applies also to node regions where tension steel bars are anchored or

crossing”(Schlaich et al. 1987).

More effective stress levels in concrete struts are listed by the ASCE-ACI Committee

445 on Shear and Torsion (ASCE-ACI Committee 445 1998) in Table 5-1.
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In the work at hand, the reduction factor for the effective compressive strength
of concrete, f3,, is taken as a function of the compressive strength /.. The calibration
of the model in Chapter 7 showed that using this function yielded better results for
high strength concrete than merely limiting the strength to 68% of the cylinder

strength.

The effective concrete strength within the arch is reduced by a coefficient f, taken as

B, =085-0.004f" 205 (5.6)

It should be noted that the reduction factor f, according to (5.6) is different
from the reduction factor for the reduced effective concrete strength in the struts of a
truss. The factor £, accounts for the “bottle-shaped” stress pattern starting at the
nodes of the strut, and flexural and shear cracking or tensile deformation in the or-
thogonal direction of the strut (Kabeyasawa and Hiraishi 1998). However, the com-
pression strength of the struts in the truss is reduced to account for tensile stresses

along the cracks and the effects of friction under cyclic loading,

138




Effective Concrete struts Reference
stress level
087, Undisturbed and uniaxial state of compressive stress that may | (Schlaich et al.
exist for prismatic struts 1987)
0.68 f, Tensile strains and/or reinforcement perpendicuiar to the axis | (Schlaich-et al.
of the strut may cause cracking parailel to the strut with nor- | 1987)
mal crack width
0317, Tensile strains causing skew cracks and/or reinforcement at | (Schlaich et al.
skew angles to the strut’s axis 1987)
0.34 1, For skew cracks with exiraordinary crack width. Skew cracks | (Schlaich et al.
would be expected if modeling of the struts departed signifi- | 1987)
cantly from the theory of elasticity’s flow of internal forces
0.85f, Moderately confined diagonal struts going directly from point | (Alshegeir and
[oad to support with shear span to depth ratio less than 2.0 Ramirez 1990)
0757, Struts forming arch mechanism {Alshegeir and
Ramirez 1990)
0.50 1, Arch members in prestressed beams and fan compression | (Alshegeir and
members Ramirez 1990)
0.95 7, Undisturbed and highly stressed compression struts (Alshegeir and
Ramirez 1990)
v fe Uncracked uniaxially stressed struts or fields (MacGregor
1997)
1{0.80) 7. Struts cracked longitudinally in bulging compression fields | (MacGregor
with fransverse reinforcement 1997}
w(0.65) 7, Struts cracked longitadinally in bulging compression fields | {MacGregor
without transverse reinforcement 1997}
(0.60) £, Struts in cracked zone with transverse tensions from transverse | (MacGregor
reinforcement 1997)
v(0.30) . | Severely cracked webs of slender beams with & = 30° (I;[;C)GT egor
1997
vi(0.55) e | Severely cracked webs of slender beams with € = 45° (MacGregor
1997)

Note: v, = 0.5+ 1.25/f ' in MPa after Bergmeister (Bergmeister et al. 1991)

Table 5-1 Effective stress levels in concerete struts (ASCE-ACI Committee 445 1998}
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5.2.1.2 Geometry of the strut
Equation (5.4) equals eq. (5.3), with the shear span, a, being equal to the dis-

tance between the loading points
a=1+r/2 (5.7

Looking at the supported side of the member, equation (5.4) holds true as long

as the length r lies within the compression zone ¢; of the supporting member.

r<e (5.8)

L3

This condition results from the fact that the strut has to be located within uncracked
sections. If 7 is larger than ¢, it is appropriate to assume that the reaction force J acts
at a distance ¢y/2. This assumption decreases the width of the strut, decreasing the al-

lowable force within the strut. Therefore, this is a safe assumption.
If condition (5.4) holds true, the width of the strut, w, is given by:
w=r-sind 5.9

Following the requirement that the strut is located within sections of the
member under compression, the strut width is alse limited to the projection of w on
the depth of the compression zone, ¢, of the member. Consequently, the following

requirement has to be met:

< 5.10
tand ©-10)

If r>— , equation (5.4) becomes
tan @
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[

PR (5.11)

cotf =

Equation (5.11) implies that the resulting force within the strut acts in the center of
the strut. The width of the strut is then defined by the projection of ¢/2 on an axis

normal to the strut as
w=c-cost) (5.12)

The previous conditions assume that the width of the strut at the support 1s
smaller than the width of the strut at the loading point. This is not necessarily true.
Given the sttuation, a column 1s fixed at both ends as in a building frame, the afore-
mentioned conditions hold true also for the opposite end of the column. Depending on
the smallest compression zone depth in the supports, the governing condition from

equations (5.4), (5.11) 1s used.

Additionally, the width of the strut can be limited by the effective develop-
ment depth of the longitudinal reinforcement, 2cx, and the size of the loading plate, /,
(Figure 5-6). It is assumed that the longitudinal tie distributes the stress from the strut
onto a horizontal projection of twice the cover of the reinforcement. Following this,

the width of the strut is also limited by

w=h, -cos@+I[, -sinf (5.13)

where A, = 2cp = embedment depth of tensile reinforcement

I5 = length of the loading plate in the plane of the truss
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It is noteworthy that the latter case is the most common for deep beams. Using
the depth of a support is not sensible, as is the use of the compression zone depth. In
very stocky members, especially those in which the arch comes close to a unﬁaxiaﬂy
loaded member, it is not practical to assume a distinct compression zone depth, since
the whole member is under compression. Thus, Eq. (5.13) represents the governing

case for deep members.

Figure 3-6 Definition of strut width in a deep beam

In summary, the width of the strut is given as the smallest value found from
eqs. (5.9), (5.12), or (5.13). This will ensure the smallest possible width of the strut,
and is therefore a safe assumption. Depending on the condition of equation (5.10), the
strut inchination is given by egs. (5.4) or (5.11). A sensible simplification is to define

the strut inclination by the aspect ratio of the member:

(43
cotfd =— 5.14
” (5.14)
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5.2.1.3 Influence of aspect ratio

The data analysis and calibration of the proposed model in Chapter 7 revealed
a dependency of arch- and truss-action on the aspect ratio a/d. To account for this de-
- pendency and to use a function of the aspect ratio for a “smooth” transition between
- stocky and slender members, a coefficient £, is introduced. The factor k; reduces the
contribution of the arch with an increasing shear-span-to-depth ratio a/d. The numeri-
cal form varies for members with and without transverse feinforcement, as described
in the respective chapters dealing with the calibration of the proposed model. The

general form for &, is:

S — (5.15)
y+z{a/d)

with &, =1.0 for a/d =0

w, x, y, z = coefficients depending on transverse reinforcement

5.2.1.4 Capacity of the arch in unreinforced stocky members

Using the inclined component of the applied lateral force V, the maximum ca-
pacity of the arch is defined by the effective reduced compression strength of con-
crete and the inclination of the strut, eq. (5.16). An ultimate limit can also be set by

the capacity of the longitudinal reinforcement, eq. (5.17):

V. =pk

[N Y

flow-b-sin@ (5.16)

V,=T-tanf@= A4 f tand (517)
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For members with a/d ratios exceeding a value of approximately 2.5, tension
members (ties) as described above are necessary to maintain the shear capacity of the
member. This can be done by transitioning from a strut into a truss model as men-
tioned before. This also agrees with the findings of the ASCE-ACI Committee 445
report (ASCE-ACI Committee 445 1998). For a series of beams tested by Kani (Kani
et al. 1979), strut models without transverse reinforcement were only accurate for as-
pect ratios of a/d < 2.5. Sectional models were found to be “more appropriate” for
larger aspect ratios. As a/d increased the resistance of the strut-and-tie models with-

out transverse reinforcement decreased rapidly.

The behavior of the compression strut in a truss mechanism is considerably
different from that of concrete loaded umaxially in compression. A fraction of the to-
tal shear is transferred through friction between the cracks, and thus the load-carrying
mechanism depends on parameters defined by the conditions in the cracked part of
the cross section. Additional strength will be provided by the uncracked compression
zone of the member. This makes it necessary to treat the truss and “concrete compo-
nent” as separate load-carrying mechanisms. The contribution of friction and un-

cracked compression zone is described in section 5.2.3.
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5.2.2 Truss-action

Truss-action is the main load transfer mechanism in lieu of arch-action in
slender members, or can provide additional shear strength in deep members. The truss
is commonly assumed to consist of a diagonal compression field that is inclined par-
allel to the cracks, of ties formed by stirrups in the direction of the shear force, and of
a force couple in direction of the longitudinal axis (Collins 1991). A general truss is
shown in Figure 5-7, in which C, is the longitudinal resulting force in the compression
zone, 1; is the longitudinal tension force in the reinforcement. /; is the inclined com-
pression stress resulting from the forces in the truss, and f,; is the tensile stress in the
web reinforcement. These four components and their respective capacities define the

truss-action.

The shear resistance through truss-action can be expressed in a single term, ¥/,
which considers the diagonal compressive stresses f;, and the capacity of the web-
reinforcement. The longitudinal forces C, and T, have a more capacity-limiting char-
acter on the direct shear resistance V.. Subsequently, the shear capacity of the truss-
action will be developed as a function of the stresses in the compression struts and in
the web reinforcement. The following developed relationships agree with the vari-

able~angle truss model as described by Collins and Mitchell (Collins 1991).
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Vi uniform compression
field, ¥y

transverse
N S reinforcement, Vi

Figure 5-7 General truss
5.2.2.1 Direct load-carrying mechanism V/

The shear force carried by the truss component is limited by the tensile capac-
ity of the transverse steel, its distribution along the member axis, and by the compres-
stve strength of the concrete in the web. Equilibrium conditions for the truss model at

a zero-moment location are shown in Figure 5-8.

Figure 53-8 Equilibrium conditions within the truss
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From the free-body diagram in Figure 5-8, the resulting diagonal force in the

web is

p=-L (5.18)

- sin ¢

The diagonal force D has to be equal to the diagonal component of the compression

stress in the inclined compression field, f:
D=f-b-jd-cos¢ (5.19)
with & = member width
jd = distance between C; and 7}
@ = inclination of the truss
Substituting eq. (5.18) into (5.19) and solving for the compression stress f; yields

v

4

7 sinqﬁ-b-jdcosgé

(5.20)

i
<:>jj—b Jd(tan¢+cot¢)
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Figure 5-9 Element between stirrups

Figure 5-9 shows the equilibrium conditions in a section of Figure 5-8 enclos-
ing the influence area of one stirrup in the tensile region of the member. Taking equi-
librium of forces from the free-body diagram in Figure 5-9, the diagonal compressive

force, f,-b-s5-sin¢g, has to be counteracted by the tensile force in the stirrup, its
maximum equal to 4,,,. Multiplying the diagonal compression force by sin ¢ yields
A,f,, =1 -b-s-sin’¢ (5.21)
with  f,, = tensile strength of transverse reinfqrcement
§ = spacing between stirrups

Substituting equation (5.20) into (5.21) results in the shear capacity of the truss as

¥V, -s-sin
A1, =t e
Jjdcosg (5.22)
A d
L V; =_l‘fﬂ_cot¢
s
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Equation can also be expressed in terms of the transverse reinforcement ratio,
p,=A,/b-s:

V= p,f,b-jd-cotd (5.23)
In case the transverse reinforcement is inclined at an angle ¢, eq. (5.22) becomes:

— Awfwyjd(
S

v cotg+cota)sina (5.24)

In order to express the inclined compression stress in the web in terms of the force in
the transverse reinforcement and of the strut inclination, equation (5.22) is substituted

into equation (5.20):

- Awfwy
‘' 5-b-sin’ g (5.25)
Pt w
< fi=—
sin” ¢

Equation (5.25) is also obtained by taking the axial projection of the force in the stir-

rups, 4,7, /sing, and distributing this force over an area -5-sing

_ Awﬁvy 1
sing b-s-sing

i
Aw.f;a
& fi=
s-bh-sin” ¢

(5.26)

This expression indicates the compression stress in the web as a function of the truss

inclination and the stress in the transverse reinforcement.
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In addition to the tensile stresses induced by the compression field, stresses
are generated in the transverse reinforcement due to lateral expansion of the concrete
in the core under axial compression. Pujol indicated that several researchers found
that the confinement demand on the stirrups increases with an increasing ductility
demand. Furthermore, Pujol found that the function of the confining reinforcement is
not only to resist shear forces, but rather to resist a complex state of stresses formed
by axial and shear forces (Pujol 2000; Wight and Sozen 1973). Consequently, for
high axial loads and high ductility demand, the shear resisting capacity of the web

reinforcement will need to be reduced.

5.2.2.2 Axial components of the inclined compression force D

From equilibrium in Figure 5-8, the projection of the shear force V; on the ten-

sile reinforcement in axial direction results in
N, =V cotg L (527)

In agreement with the variable angle truss model (Collins 1991), this force is counter-

acted by forces equal to 0.5V, in the tensile and in the compression cord.

0.5N, =0.5V, cot @ (5.28)

In terms of the diagonal compression force, D, in the web, N is described as
N, =D-cos¢ (5.29)

In addition to reacting to the axial force induced by shear, the longitudinal re-

inforcement carries the moment M applied by the exterior shear force, V. The effect
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of shear load on the capacity of the longitudinal reinforcement was also mentioned in
the ASCLE-ACI Committee 445 report on shear and torsion (ASCE-ACI Committee
445 1998). In this. report, it is stated that the shear load has to be considered in the de-
sign of the tensile reinforcement. Therefore, the normal forces resulting from arch-
and truss mechanisms have to be considered in the design of the longitudinal rein-

forcement. It follows for cases in which linear bending theory is applied that

Af, 2—%%—0.5% cotg+V, cotd (5.30)
J

In eq. (5.30), M 1s the flexural moment, V, cot& represents the demand on the tensile
reinforcement from arch-action. The term 0.5V, cot¢ is the demand on the tensile re-

inforcement according to eq. (5.28).

5.2.2.3 Shortcomings of the truss-component

The truss-model as previously described is not able to modeli the influence of
axial load or member depth on shear strength. Axial load generally will increase the
shear capacity. Increasing the effective depth also enhances the shear strength of an
RC member. Additionally, the shear capacity of members without transverse rein-
forcement cannot be calculated. A “concrete component” superimposed on the truss

component can compensate for these shortcomings.
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5.2.3 Concrete components

RC members without transverse reinforcement are considered to have two
components that contribute to the shear capacity of the member. These are contribu-
tions by the uncracked compression zone, V,,, and by friction between crack surfaces
in the tension zone, ¥z The shear-resisting component of friction along crack surfaces
in the tensile zone of the RC member, ¥, will be expressed as a modification of the
proposal suggested by K.-H. Reineck (Reineck 1990, 1991a, b), described in Chapter

3.3.

The different load-carrying mechanisms in an RC member without transverse
reinforcement can be determined by examining the conditions in the cracked member.
It is assumed that the uncracked compression zone contributes to the shear capacity of
the membér by a function related to the area of the compression zone and the tensile

strength of concrete, £, taken as
fu=y7" (531)

The cracked tension zone of the member contributes to the shear-resistance by
friction between two adjacent crack surfaces. Walraven described the friction mecha-
nism by relating the transferable stresses between the cracks to the contact areas of
aggregate particles (Walraven 1981b). As the crack width increases, the contact areas
become smaller, decreasing the transferable stresses. An ultimate state can be defined
by establishi_ng a critical crack width related to a critical slip between surfaces that

does not allow for a sufficient stress transfer. Such a critical slip, as presented later in
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this section, was established by Reineck (Reineck 1990), based on earlier work by

Walraven (Walraven 1980, 1981a).

The concrete contribution to shear-resistance will be derived for beams under
static load. This basic case will establish the foundation for describing the influence

of axial load and cyclic shear later in this thesis.

As depicted in Figure 5-10, the applied shear force ¥ is resisted by a compo-
nent for dowel-action, ¥y, by a friction component Vyalong the crack surfaces, and by
a shear-carrying component ¥, in the uncracked compression zone. The evaluation of
Reineck’s proposal (Chapter 3.3) has shown that the effect of dowel-action is of mi-

nor importance. Focusing on the major contributions of shear-resisting mechanisms,

subsequently, dowel-action will be neglected.

v

Figure 5-10 Equilibrium and designations in a RC member with tooth element in the center of

the figure, adapted from (Reineck 1991b)
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‘The change of the applied bending moment along the member axis leads to
shear stresses in the member. As described by Reineck (Reineck 1991b), the shear
failure of RC members is constituted when a concrete tooth formed by two cracks
breaks away from the member. In order to describe the behavior between two adja-
cent cracks, the cracks have to be modeled and the spacing between the cracks has to
be known. According to Reineck (Reineck 1990, 1991b), the distance between two

adjacent cracks is given as a linear function of the depth of the tension zone as
s, =C{d~c) (5.32)

The constant C in equation (5.32) is calibrated from the evaluation of the model in
Chapter 7 for RC members with and without transverse reiﬁforcement. Following an
investigation in (Reineck 1990), and as stated in (Reineck 1991b), “the depth of the
compression zone is only slightly influenced by the shear force”. Consequently, the
depth of the compression zone ¢ is taken as the depth of the compression zone calcu-

lated from the flexural analysis of the beam, kd.

Following the procedure proposed by Reineck (Reineck 1991b), first equilib-
rium conditions of the member in Figure 5-10 are established. Equilibrium of vertical

forces and neglecting the minor contribution of dowel-action gives

V=V, +V, +V, =V, +V, (5.33)

Taking the sum of moments around point P in the “tooth” depicted in Figure 5-10

yields:
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V;z'SC'r+Vf'Scr :AT-]d
< Ves, =AT-jd

(5.34)

with AT = change of the tensile force in the longitudinal reinforcement within

the tooth element.

Equation (5.34) can be expressed in terms of a nominal shear stress, 1, by dividing

both sides of the equation through s, jd-b. This relates the nominal shear stress to

the change in force in the reinforcement.

yom e = (5.35)

5.2.3.1 Contribution of the uncracked compression zone

The contribution of the uncracked compression zone is taken as a function of

the area of the compression zone and the tensile strength of concrete, £,.

It is reasonable to assume a linear distribution of axial stresses in the previ-
ously described tooth-element, since the element itself is uncracked. Therefore, the

depth of the compression zone, c, is calculated from linear elastic bending theory:

c=kd=(Jon+2pn-ppn)d (5.36)

where n = —Eﬁw
E

o

P, = longitudinal reinforcement ratio
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The internal lever arm, jd, between the acting points of axial tension- and compres-

sion forces is calculated as:

jd =d_f;ﬁ (5.37)

The contribution of the uncracked compression zone to the shear resistance of
the member is taken as a function of the tensile strength of concrete and the area of
the compression zone:

K:z:D-f;'l'b-c

(5.38)
=D3f" b-kd

The coefficient D is a function of the shear-span-to-depth ratio, which will be estab-
lished in the calibration of the model. V,; varies with the effective section depth d,
and with the longitudinal reinforcement ratio, which is influencing the depth of the
compression zone, kd. A possible axial load is increasing the depth of the compres-
sion zone, therefore increasing the shear capacity related to the uncracked concrete

under compression.

5.2.3.2 Contribution of the friction component

The friction component is calculated from the average shear stress along the
cracked tooth. The average shear stress is related to a calculated crack width Aw and a
critical crack width Aw, defined at mid-depth of the crack. The critical crack width
was considered by Reineck (Reineck 1990) at mid-depth of the crack to be able to

build on the investigations by Walraven, who examined friction under a constant
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crack width (Walraven 1981b). The dimension of the critical crack width depends on

the moment at the considered location.

According to Reineck (Reineck 1990, 1991b), following a proposal by Wal-
raven (Walraven 1980, 1981a), the critical shear stress related to friction is assumed
to be given by a linear relationship with the critical crack width Aw, at mid-depth of

the crack as:

7, =045-1, (i—ﬂ} (5.39)

Aw

with  f. = axial tensile strength of concrete
Aw,=0.9 mm

In the calibration of the model in Chapter 7, the critical shear stress will be expressed

in a form

T, =const-f, [1 - 2}:’ ] (5.40)

The tensile strength of concrete, .y, is given by equation (5.31). The constant and the

critical crack width Aw, will be re-established in Chapter 7.

The friction component of the shear resisting forces in the concrete, ¥y, is de-
termined by integrating the shear stresses along the crack surfaces. As mentioned ear-
lier, the contribution of dowel-forces from the longitudinal reinforcement was found
negligible. Therefore, only the contribution of frictional stresses is considered. In

agreement with the proposal by Reineck (Reineck 1990, 1991b), the part of the
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stresses related to friction is assumed to be constant along the cracked surface as dis-
played in Figure 5-11 a). Figure 5-11 b) shows the stress field within the tooth related
to friction. The friction shear stresses 7y induce an inclined compression field equili-
brated by a tension field perpendicular to the compression field. It follows that the
transferable shear stresses are a function of the axial tensile strength of concrete, f..
The inclination of the compression field is taken as @2, half of the crack inclination.
As pointed out by Reineck (Reineck 1991b), even though the biaxial tension-
compression field is defined by the axial tensile and compression strength of con-
crete, it will not govern the shear failure. The shear failure is reached when the me-
chanical transfer of frictional stresses along the crack surfaces is lost (Reineck 1990).

This is related to the crack opening and the critical slip between crack surfaces.
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constant friction stresses along the
crack
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a) constant distribution of friction
stresses along the crack

Figure 5-11 Distribution of stresses related to friction at tooth element, adapted from (Reineck
1991b)

The capacity of the friction component of the “concrete contribution” to shear

R ——

resistance is given by integrating the constant frictional shear stresses 7 over the area
of the cracked region of the member:

V=7, b(d—kd) (5.41)

The failure criterion for the friction component is not defined by the crack opening

Aw, but rather by the slip between two adjacent crack surfaces due to the rotation

while the crack opens. The ultimate state of deformation is adapted from Reineck’s

proposal (Reineck 1990, 1991b) as
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As, =0.336Aw + 0.01 [mm] (5.42)

The actual crack width related to the critical slip is determined from geometry within

the crack as depicted in Figure 5-12. The critical point is defined at mid-depth of the

crack.
4 4
kd \
¥
A
g (ka2

[
|
|
i
!
i
I: .__‘;__.A_AS”
|
|
|
|
!

Figure 5-12 Kinematics within the crack, adapted from (Reineck 1991b)

With a given horizontal displacement Au and the critical slip As,, the corresponding

crack width is calculated as

Au As
+

sing, tang, (5-43)

Aw =

The horizontal displacement at mid-depth, Auw, is calculated from the strain in the lon-

gitudinal reinforcement, &,, and the crack spacing as

Au=05-¢,-s, | (5.44)

Inserting equations (5.32) and (5.36),
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Au=0.5-¢2 -C(d-kd) (5.45)

With the critical slip according to eq. (5.42) and the horizontal displacement, the

crack width is therefore given as

_05-¢,-5,  0336Aw, +0.01

Aw -
simg,, tang,_

[mm] (5.46)

With the strain in the longitudinal reinforcement known, it is possible to monitor the
shear strength for different load stages. The ultimate failure crack width is reached for

Aw = Aw,. Solving equation (5.46) for Aw, yields:

Aw = 0.5-¢ -5, 0.01-cotg,

= + min 5.47
! sin¢cr(1m0.336cot¢cr) 1—0.336-cot¢cr[ ] ( )

The strain in the longitudinal reinforcement is found by taking moment equilibrium of

the free-body diagram in Figure 5-10:
M=V x+£im_~—€- «-—]ﬁAs_-jd—%V/.%——c——-N-zc =0
tan ¢ o ‘3 tang
with e, = f.F; and ¢ = kd:

e, = L |pfsd=M +V,,g kd ~N-z,
O EAjd tan ¢ * 3 tang

Substituting V, =V -V,
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oo L[k (2 k) (2 kY
© E. A jd tan ¢ 3 tang 3 tan¢
Withjd=d—%—i—: |

g, = L Vix+ a -V, 2k —N-z,
S EAjd tan ¢ 3 tang

Since in design it is more common to use the longitudinal reinforcement ratio instead

of the amount of reinforcement, the strain becomes:

RSN S 1 P L N L Y (5.48)
- E -p.-bd-jd tan ¢ 3 tan ¢

with 4 = p_-bd

z, = distance from centroid to center of the compression zone

To calculate the strain from equation (5.48) is rather cumbersome for design
practice. The evaluation of the model in Chapter 7 has shown that a good agreement
between tested and calculated results can also be obtained for members without axial

load by calculating the strain from linear bending theory as

M M
jd-AE  p bd-jd-E,

(5.49)

5

& m—j—;—:
Es

Because it is simpler, this way to determine the strain is advised and used for
the calibration of the model for members without axial load. An evaluation using

equation (5.48) for RC beams under static shear and axial load follows in Cﬁapter 7.3.
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According to the ACI code {ACI-318 2002), the critical section for shear de-
sign is located at a distance d from the support of a simply supported beam. To be
consistent with the code, the moment used to calibrate the model is determined at this
location. However, if the strain is calculated at a different location, the critical crack
width Aw, is to be taken as a different value. At the point of a higher (or of the maxi-
mum) moment, the strain in the longitudinal reinforcement is larger, opening the
crack wider, but a larger critical crack width can also be expected. Values for differ-

ent locations are provided in the calibration of {he proposed model in Chapter 7.

In summary, and anticipating the results from Chapter 7, the shear resistance

of the concrete contributions is given by

P;:K2+V[

Aw (5.50)

=4 =D-fc,-b-kd—&C-ﬁ,-b-(d—kd)(l—wJ
Aw,

]

For beams with transverse reinforcement (V' =V, + V., + V), the evaluation of a data-
base comprising 168 slender and 66 stocky beams that failed under static shear load

vielded
Aw, =1.0mm

S =(d—kd) [mm]
C-f,=04-3/7". [MPa]

and a critical crack inclination of ¢.. = 30°
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For beams without transverse reinforcement, the concrete contribution was calibrated
from a database comprised of 395 slender and 49 stocky beams that failed in shear.

The corresponding coefficients were found to be

Aw, =1.0mm

Ser = (d ~ kd) [mm]
C-f,=05-3f", [MPa]

The critical crack inclination was taken as @, = 30°.
Inserting the respective values, equation (5.50) becomes:

¢ For web-reinforced beams:

V;x0.4-ﬂ,-b-kd+o.4-ﬁ,-b~(d~—kd){1mf-"q (5.51)

i
wherein

Awy =1.0 mm
B 0.5-¢.s, N 0.01-cot30°
sin30°(1—0.336c0t30“) 1-0.336-cot30°
Scr :(d—kd) [mm]
V.d
& =———"—""~
© p,bd-jd-E

Aw

(mm]
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For beams without web-reinforcement:

VC=o.5-;;.b-kd+o.5-j;-b-(d—kd)(z—Aﬁ”iJ (5.52)
W

u
with

Aw, =1.0 mm
3 0.5-¢,-5, . 0.01-cot30°
Sin30°(1w0.336cot30°) 1-0.336-cot30°
5, ={d ~kd) [mm]
V-d
g" = ___...___...-._-_____
Y p, -bd-jd-E,

Aw {mm]

It should be noted that the values for the coefficients in egs. (5.51) and (5.52)

have been derived considering the contributing arch components, and therefore the

respective transition factor related to the aspect ratio a/d. The complete derivation of

all coefficients is presented in Chapter 7.
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5.3 Summary of shear resisting components

In summary, the shear capacity of RC members under axial and cyclic lateral
load can be described as the sum of the components for arch-action (Section 5.2.1)
and truss-action. The truss-action is subdivided into the traditional truss component
(Section 5.2.2), related to the transverse reinforcement, and additional “concrete”
components with contributions of the uncracked compression zone and friction in the

tension zone (Section 5.2.3).

V, =V, +V,+(V,,+V,) ((5.1) Repeated)

Each of the components of the nominal shear capacity ¥, is limited to its applicability

as described in the respective previous sections.

5.3.1 Arch component

Arch-action is formed by a single strut directed from the loading point to-
wards the support. The tensile longitudinal component of the compression strut is
formed by the longitudinal reinforcement. From the geometry of the member and test
results on the inclination of shear cracks, it can be stated that arch-action can only de-
velop as a single shear resisting mechanism in deep members as walls, deep beams, or

columns with an aspect ratio of approximately a/d <2.5. The inclination of the strut

15 calculated by equation (5.14):

a

cotd = ((5.14) Repeated)

|
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The effective shear-span « has to be determined by taking the geometric conditions of

the support and loading-points into consideration.

The compressive strength of the strut is defined by the reduced effective com-

pressive strength of concrete as

B.=085-0.0041" 20.5 ((5.6) Repeated)

The capacity of the strut depends on the width of the strut, w. This width is ei-
ther calculated from the embedded length of the strut in the compression zone of the
supporting member, r, from the depth of the compression zone of the member, ¢, or
from the effective development depth of the longitudinal reinforcement, 4, The ac-
cording width w is given by equations (5.9), (5.12), and (5.13), respectively. The

smallest width results in the lowest capacity of the strut.
w=r-sing ((5.9) Repeated)
With » given as defined in Figure 5-4, within the limits of

r<e, ((5.8) Repeated)

X

rs
tan &

((5.10) Repeated)

If r > ?C—g , the width of the strut will exceed the depth of the compression zone. The
an. .

inclination of the strut, altered from eq. (5.4), then becomes

/

. d
i ((5.11) Repeated)

cotd =
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The width of the strut is then defined by
w=c-cosf {(5.12) Repeated)

If the effective development depth of the longitudinal reinforcement governs the
width of the strut and/or the dimensions of the loading plates are known, w is calcu-

lated as

w=h_ -cos@+/ -sind ((5.13) Repeated)

The limiting capacity of the strut component as a sole load-carrying mechanism is

given by equation (5.16):

V,=Bkf' wb-sing ((5.16) Repeated)

5.3.2 Truss component

The capacity of the truss component is calculated from equilibrinm conditions
of the variable angle truss model. From the diagonal force D, the stress in the com-
pression field, f, is determined by taking equilibrium of forces in the free-body-

diagram in Figure 5-8, page 146. D is given by egs. (5.18) and (5.19) as

D= _V’ ((5.18) Repeated)
sin ¢
D=f -t jd-cosg ((5.19) Repeated)

'The stress in the compression field is found by equating (5.18) and (5.19):
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14

3

o sing-i- jd cos¢

4
m(tané%— cot ¢)

((5.20) Repeated)

< f =

Equilibrium in the free-body-diagram in Figure 5-9, page 148, yields
Ay foy = 1,15 -5in" ¢ ((5.21) Repeated)

Substituting equation (5.20) into (5.21) results in the shear capacity of the truss as

V, -s5-sin
Sy = jdcos gf
((5.22) Repeated)
4,1,,7d
&V, =———cotg

S
Or, in terms of the transverse reinforcement ratio, as

V,=p,t,,bjd-cotg ((5.23) Repeated)

The stress in the inclined compression field is found from equation (5.25) in terms of

the force in the transverse reinforcement and of the angle of the strut.

_ A1,
s-b-sin’ ¢
Pul,

‘ sin’g

fi
' ((5.25) Repeated)
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5.3.3 Concrete components

The shear capacity of RC members without transverse reinforcement is calcu-
lated by taking the sum of a component related to the uncracked compression zone,

Ve, and a component attributed fo friction in the tension zone, V.
V=V +V,+V,=V_+V, {(5.33) Repeated)

The contribution of the compression zone, V., is formulated as a function of

the tensile strength of concrete, £, and the area of the compression zone, kd-b.

Ve=D-f, bc

=D S, b-kd

By defining a critical crack spacing, equilibrium conditions can be used to re-

((5.38) Repeated)

late the average shear stress to the tensile force in the longitudinal reinforcement. The
critical crack spacing is assumed as a function of the effective depth, d, of the mem-

ber, and the depth of its compression zone, ¢:

s, =C(d~-c) ((5.32) Repeated)

The average shear stress is related to critical crack spacing and the change in

force within the tensile reinforcement:

V== ((5.35) Repeated)
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The friction component is determined from the average friction stress, 7 inte-
grated over an area jd-b. With the friction stress given by equation (5.40), the friction

component becomes

V,=1,-b-(d-kd) ((5.41) Repeated)

U

with 7, =const- f, (1wfi} ((5.40) Repeated)

The crack width Aw in the preceding equations results from geometry within
the crack. The crack width is determined by equation (5.43) from a critical slip, As,

and the horizontal displacement at mid-depth of the crack, Au.

A= DS ((5.43) Repeated)
sing, tang,

As, =0.336Aw+0.01 fmm] ((5.42) Repeated)

Au=05-¢ -C(d-kd) ((5.45) Repeated)

_ 0565,  03364wm, +0.01

. fmm] ((5.46) Repeated)
sing tang,,

Aw

The various parameters in the aforementioned equations are calibrated for different
fields of application in the foillowing chapter. Additionally, the combination of the
basic models for arch-action, truss-action, and the concrete component is derived in

Chapter 7.
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6 Effect of the section depth on shear stresses

Many resc;,archers (ASCE-ACI Committee 445 1998; Bazant and Kim 1984;
Collins 1991; Kotsovos and Paviovic 2004; Tompos and Frosch 2002) found that the
magnitude of shear stresses in shear-controlled members is dependent on the effective
depth of the section. In the proposed model, from the components contributing to the
shear capacity defined in Chapter 5, only the stresses related to the friction compo-

nent are affected by the effective depth d. Taking the nominal shear stress as

=V /bd , the effective depth cancels out of the terms related to the shear strength

of the compression zone and the truss mechanism. According to the proposed model,
size effect is not of concern in disturbed regions, because the section depth affects

only the stresses related to the friction component V5

Equation (6.1) shows the stress related to friction as a function of d in a beam
without transverse reinforcement. The strength of the friction component, V7, is taken
from equation (5.52), anticipating results from the calibration on beams without

transverse reinforcement in Chapter 7.1.

_‘--_.05\/_1 k)(i—_J
6.1)
- 1 05-6-d(-k) 0.01cot ¢
=037 1 k)[l [smgﬁ(i 0336c0tg) 1= O336cot¢B

Shear strength is affected by the size of the effective depth as long as friction contrib-

utes to the strength of the member. The friction component, on the other hand, de-
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creases with increasing strains in the longitudinal reinforcement, increasing the crack
width Aw. According to the proposed model, it follows that if the strain in the longi-
tudinal reinforcement increases such that the crack width exceeds the critical crack
width, size effect is not of concern, because the friction component has vanished. The
section width does not influence the shear stresses resulting from the components
considered in the proposed model for shear strength. Dividing any of the contributing
components defined in Chapter 5 to gain the average shear stress, cancels out the

width 5. Thus, the width of the section has no effect on the member strength.

Among test series carried out to investigate the effect of beam depth on the
average shear strength are the beams tested by Podgorniak and Stanik and by Yoshida
et al., and a test series by Shioya. The beams tested by Podgorniak and Stanik, and by
Yoshida et al. (Reineck et al. 2003) were previously mentioned in the evaluation of
other models. The test series by Shioya was used by Collins to describe the effect of
the section depth (Collins 1991). The tests by Shioya were conducted on five simply
supported beams subjected to a distributed vertical load. The specimens did not have
transverse reinforcement; the only varying parameters were the section depth and
width, which ranged from 203 to 3000 mm, and 152 to 1500 mm, respectively. The
widths of the beams were adjusted accordingly fo maintain a tensile reinforcement
ratto of p, = 0.4 %. Properties and dimensions of the beams are listed in Table 6-1.
The average shear stress is given at the critical section, taken at a distance d from _the

support.
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The test series. conducted by Podgomiak and Stanik, and by Yoshida (Reineck
et al. 2003) was carried out on single-span beams under a concentrated point load.
The major variable was the section depth, ranging from 110 to 1890 mm. The beam
width was 300 mm for all specimens; all other parameters were approximately equal.

The beam properties are listed in Table 6-1.

Test b d f’ ¢ fy Ps Vi, rest
[mm] { [mm] | [MPa]| [MPa] [%] [MPa]
Shioya - 1 1500 3000 24.1 386 0.40 0.37
Shioya-2- 1000 2000 24.1 386 0.40 0.39
Shioya - 3 500 1000 24.1 386 0.40 0.49
Shioya - 4 300 600 24.1 386 0.40 0.78
Shioya - 5 152 203 24.1 386 0.40 1.06
Yoshida et al. -
YB2000/0 300 1890 32 455 0.74 0.45
Podgorniak / Stanik
BN100 300 925 35 550 0.76 0.69
Podgorniak / Stanik
BNS50 300 450 35 486 0.81 0.98
Podgorniak / Stanik
BN25 300 225 | 35 437 0.89 1.08
Podgorniak / Stanik
BN12.5 300 110 35 458 0.91 1.22

Table 6-1 Properties of beams from test series carried out to investigate size effect
Table 6-2 lists the strains at midspan and at the critical section, as well as the
calculated crack width Aw. None of the tested specimens was a flexure-controlled

beam according to the ACI code, which requires a strain of & > 0.005 in the flexural

reinforcement (ACI-318 2002).

The calibration of the proposed model in the following chapter limits the
crack width to a value Aw, = 1.0 mm. If size effect 1s only of concermn for members

that develop a shear resistance related to friction, the effect becomes negligible for
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members in which the crack width exceeds the critical crack width. This was the case

for the first four beams of the test series carried out by Shioya, and the beam tested by

Yoshida.
Test & atd & at midspan Aw
[-] [-] [rm]
Shioya - 1 0.0005 0.0017 2.86
Shioya - 2 0.0005 0.0016 1.88
Shioya - 3 0.0006 0.0020 1.20
Shiova - 4 0.0010 0.0032 1.14
Shioya - 5 0.0014 0.0044 0.55
Yoshida et al.
YB2000/0 0.0003 0.0010 1.12
Podgorniak / Stanik
BN100 0.0005 0.0015 0.83
Podgorniak / Stanik
BN50 0.0007 0.0019 1 0.54
Podgorniak / Stanik
BN25 0.0007 0.0020 0.29
Podgorniak / Stanik
BNI12.5 0.0007 0.0022 0.18

Table 6-2 Strains and ealculated crack width for beams by Shioya and Podgorniak

According to the model, the change in shear stress with section depth becomes
smaller as the friction component decreases. This is represented and confirmed in the
curve for the tested specimens in Figure 6-1. Figure 6-1 shows the measured and cal-
culated average shear stresses for the Podgorniak / Yoshida, and the Shioya test se-
ries.

For the first four beams tested by Shioya, and the beam tested by Yoshida, the
proposed method set a limit to the effect of the section depth in terms of the critical
crack width. As the crack width exceeded the limiting value, the contribution from

friction became zero. Therefore, the shear stress was only calculated from the contn-
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bution of the compression zone. Figure 6-1 shows the measured and calculated aver-
age shear stresses, as well as the value of 0.166\/]"—’6 [MPa}, proposed by the ACI
code as the limiting average shear stress (ACI-318 2002). Compared to the results of
both test series, the proposed method gave a conservative estimate of the shear

stresses. According to the proposed model, arch action contributed to the capacity of

the Podgorniak test series with an aspect ratio of approximately a/d = 2.9.

1.4

0.8
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a8

0.4
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Figure 6-1 Stresses at failure, taken at a distance d from the support, versus effective depth
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Evaluation of the representation of size effect proposed by BaZant

Tigure 6-2 shows the performance of the approach proposed by BaZant as out-
lined in Section 3.7 on the tests series by Shioya and by Podgorniak / Stanik and Yo-
shida. The average shear stress was calculated for the beams in the test series accord-

ing to equation (3.76).

103 3 .
v, ﬁ%‘[m +30004p, /(a/d) J [psi] ((3.76) Repeated)

The maximum aggregate size d, in the specimens tested by Shioya was 25 mm
(Collins 1991), for the test series by Podgorniak / Stanik and Yoshida, it was assumed
d; = 19 mm. As can be seen from Figure 6-2, the method proposed by Bazant re-
flected the test results from the series by Shioya well for beams with larger section
depths than d = 1000 mm. For beams with d < 1000 mm, BaZant’s method was very
conservative. The performance on the test sertes by Podgorniak / Stanik and Yoshida
was different. For this test series, the member behavior was modeled relatively well,

except a trend to unconservative values with increasing beam depth is discernible.
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Figure 6-2 Stresses at failure, taken at a distance 4 from the support, versus effective depth; cal-

culated following the proposal by BaZant

The difference in performance for the two test series shows that the term out
of the brackets in equation (3.76) does not fully reflect the actual behavior of the
tested beams. Table 6-3 lists the calculated values from the first and second terms, as
well as the nominal shear stress calculated from equation (3.76). Since the beams in
the respective test series were identically scaled, the values resulting from the term
within the brackets are equal for each test series. The specimen tested by Yoshida had
a slightly lower concrete strength than the specimens tested by Podgorniak and
Stanik, resulting in a slightly lower value of the second term of equation (3.76). Be-

cause the second terms in each test series are similar, the deviation of the model with
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respect to the test results has to be related to the first term, defined by the longitudinal
reinforcement ratio, the effective depth, and the maximum aggregate size. The values
for p, in the test series by Shioya were 0.4 percent. In the test series by Podgorniak /
Stanik and Yoshida the longitudinal reinforcement ratio ranged from 0.74 to 0.91 per-
cent (see Table 6-1). The maximum aggregate sizes were equal within each test se-k
ries. However, the values for d were comparable for the two test series. It follows that
the deviation in behavior of the model proposed by BaZant on the two test series must
be related to the first term in equation (3.76), which is a function of the section depth
and the longitudinal reinforcement. For larger longitudinal reinforcement ratios in
combination with larger depths, BaZant’s method yields progressively less conserva-
tive values; for low values of p, and d, the model was conservative, and appears to
become more conservative as the effective depth increases. It should be noted that the
reinforcement ratio used in the Podgorniak / Stanik and Yoshida test series is similar
to that used in practice, and approximately twice of the amount used in the test series

conducted by Shioya.
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Test 1" term 2" term Vu
[-1 [MPa] [MPa]
Shioya - 1 0.66 0.42 0.28
Shioya - 2 0.78 0.42 0.33
Shioya - 3 .99 0.42 0.42
Shioya - 4 1.13 0.42 0.48
Shioya-5 - 1.38 0.42 0.58
Yoshida et al.
YB2000/0 0.86 0.60 0.51
Podgorniak / Stanik
BN100 1.12 0.62 0.69
Podgorniak / Stanik
BNs0 1.41 0.62 0.87
Podgorniak / Stanik
BN25 1.68 0.62 1.04
Podgorniak / Stanik
BNI12.5 1.86 0.62 1.16

Table 6-3 First and second terms, and nominal shear stress from equation (3.76)
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Reduction of the friction component with increasing section depth

Equation (6.1) was solved for an effective depth at which the friction compo-
nent becomes zero, because the limiting crack-width Aw, = 1 mm is reached. This is
expressed in equation (6.2) as a function of the strain in the tensile reinforcement and

the reinforcement ratio;

e (500-173-cot ¢)sin ¢

2508, (1470, - o, 2 1p,)

(6.2)

&

with n= E
E,

Following eq. (6.2), according to the proposed model, four parameters have an mflu-
ence on whether size effect is of concern in a beam. The critical crack inclination de-
fines the sliding component of two adjacent crack surfaces due to rotation. If the
crack is normal to the beam axis, sliding of the surfaces, and therefore friction, is
minimal. The ratio of the modulus of elasticity of the reinforcing steel to that of the
concrete and the reinforcement ratio are the two main parameters that affect the depth
of the compression zone, and therefore the depth of the crack. The modular ratio may
also be expressed in terms of the compressive strength of concrete by adopting a rela-
tionship between the modulus of concrete and compressive strength. According to the
proposed model, the strain in the longitudinal reinforcement directly influences the
width of the crack and therefore the amount of friction. With increasing strains, the

effective depth at which the friction component vanishes, decreases.
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The term in the brackets in equation (6.1), extracted in (6.3), can be viewed at
as a reduction factor for the friction component, depending on the section depth, the
strain, the crack inclination, and k.

1[ 05e-d(l-k)  _00lcoty

[-R=1-—|— (6.3)
w, | sing{1-0.336cotg) 1-0.336co0tg

Resolving ¢ into the average shear stress v, at a distance d from the support yields:

,
R 6.4
“TEp(1-k13) ©4

Therefore, the reduction term in (6.3) becomes:

] 1.5d(k -1},

R=—- _ (6.5)
w, {1-0.336cotg)sing £ p (k-3)

Equation (6.5) indicates that the reduction of the friction component, and therefore
the average shear stresses, is not only a function of the section depth, but also of the

tensile reinforcement ratio, and, if & is taken as in eq. (5.36), of the compressive

strength of concrete, with £, = 4733,/ /' [MPa] (Pauw 1960).

Evaluating a critical crack inclination of 30 degrees, E; = 200,000 MPa, a
critical crack width of Aw, = I mm, and neglecting small terms in equation (6.5)

vields:
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R=0.04+ LA (6.6)

(1785p, +84.5/1 ",
P, 2.35-106-pé,\/ﬁ+83606f'c+55737\/p“( p“; */f—)f

Equation (6.6) was solved in equation (6.7) for the section depth ¢ in dependence of
the reduction R. This could be evaluated for different reduction factors, giving the

largest effective depth that allows for the wanted reduction due to the effect of the

section depth d.
_ (1785, +84.5.(7".
a=X ;',04 .| 235105 p [T +83606f‘c+55737J ( - ) g
vu (4 o

(6.7)

Equation (6.7) was evaluated for reduction values of R = 0.1, 0.2, and 0.3, which are
equivalent to a reduction of the friction component due to “size effect” by 10, 20, and
30 percent, respectively. These values were plotted for several tensile reinforcement
ratios and concrete strengths in Figure 6-3 through Figure 6-11. The charts indicate
the allowable combination of concrete strength, reinforcement ratio, and section depth

for the respective reduction in the average shear stress. The horizontal bold line indi-
cates a limit value of v, =0.166/ /', [MPa], which is the maximum allowable aver-

age shear stress according to the current ACI-318 code (ACI-318 2002).
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For example, if only a reduction of the friction component by 10 percent is
acceptable, a maximum section depth of only d = 37 mm is allowable, at a concrete
strength of 35 MPa, and a reinforcement ratio of p; = 0.5 %, at an average shear stress
of v, = 0.8 MPa. An acceptable reduction by 30 percent would allow for d = 163 mm,
if the other parameters are kept equal to the first case. Alternatively, an increase of
the tensile reinforcement ratio to p, = 2.0 percent would make a beam depth of 163

mm at a 10 percent reduction of the friction component possible.

Tensile reinforcement ratios ranging from 0.4 to 0.8 percent would be typical
values for slabs. According to the proposed model, the effect of the section depth

would therefore also be of concern for slabs, if the average shear stresses were close
to the permissible value of v, =0.166,/ /", . Lowering the average shear stress would

increase the maximum effective depth for which “size effect” would not reduce the
friction component V. This is especially true for tensile reinforcement ratios of larger

than 0.5 percent, which can be considered typical for beams.

Apparent from the graphs is the considerable effect of concrete strength. Ac-
cording to the proposed model, high-strength concrete beams appeared to be very
sensitive with respect to an effect of the section depth on the average shear stress.
This is related to the decrease of the depth of the neutral axis with increasing com-
pressive strength. Decreasing the depth of the neutral axis increases the crack width,

therefore reducing the friction capacity following the proposed model.
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Figure 6-3 Section depth versus average shear stress for a 10 % reduction of the friction

component Vg, /7, =35 MPa
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Figure 6-4 Section depth versus average shear stress for a 10 % reduction of the {riction

component V, f7. =70 MPa

185




10 % Reduction, f: =100 MPa

= "7 17mm_36mm _§ 60 mm
i ‘%—_:',—-—’

0.0 =

o 200 400 500 800 1000 1200 1400 1600 1800 2000
d fmm}
v v n h0Z02% e THOSOE% o w o THO=T 0% e 9, 5% i (02 2% e 0,166 SQRT(fC}

Figure 6-5 Section depth versus average shear stress for a 10 % reduction of the friction

component V {7, = 100 MPa
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Figure 6-6 Section depth versus average shear stress for a 20 % reduction of the friction

component Vg, f'. =35 MPa
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Figure 6-7 Section depth versus average shear stress for a 20 % reduction of the friction

component V, f. =70 MPa

20 % Reduction, f'; = 100 MPa

17 ehr 46 M. 98 M. 154 mem. 243 mm ’ ) i

vy [MPa]

0.8 -

0.8
' " t
'
0.4 n w \
N -
1 .
A} A RS,
0.2 e e = e
0.0 —o . o . ! - .
a 200 40¢ 600 890 1000 1200 1400 1800 1800 2000
d {mm]
- w o 1h0202% o 0Z0.5% - o v HOHT0% e THOET 5% s Q7 2% —nsann 0,168 SQRTIC)

Figure 6-8 Section depth versus average shear stress for a 20 % reduction of the friction

component V, £ =100 MPa
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Figure 6-9 Section depth versus average shear stress for a 30 % reduction of the friction

component Vy, 17, =35 MPa
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Figure 6-10 Section depth versus average shear stress for a 30 % reduction of the friction

component ¥, .= 70 MPa
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Yigure 6-11 Section depth versus average shear stress for a 30 % reduction of the friction

component Vg, 7. = 100 MPa
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7 Calibration of the proposed model for the static
load case

7.1 Members without transverse reinforcement

7.1.1 Transition from contributing components in deep members to
slender members
The shear strength of members without transverse reinforcement is contrib-
uted to components related to arch-action, V,, and the concrete contributions, ¥, and
Vr. The respective contribution of the components 18 described by transition functions

related to the aspect ratio a/d.

In deep members, arch action is the main load-carrying mechanism. It 1s as-
sumed that in a member with a shear-span-to-depth ratio of a/d smaller than approxi-
mately 2.5 no distinct compression and tension zones will develop, chiefly represent-
ing “disturbed™ D-regions as described by Schiaich (Schlaich et al. 1987). Following
this, it appears to be not sensible to attribute a shear capacity to a compression zone
while the whole member is mostly under compression. Respectively, the arch is rep-
resenting the shear resistance taken by the compression zones of the member. With-
out a distinct tension zone, no flexural cracks will develop that allow for a load carry-

ing mechanism through friction along these cracks.

In slender members, however, distinct compression and tension zones enable a
contribution of ¥, and V; Additionally, an arch component will contribute to the

shear resistance in a transition zone, in which ¥, decreases with an increasing shear-
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span-to-depth ratio. For relatively large aspect ratios, the arch contribution is negligi-

ble.

To allow for a decrease of the arch component with an increasing value of the
aspect ratio a/d, a factor k; as a function of a/d was introduced in Section 5.2.1.3,
page 143. The factor k; reduces the contribution of the arch with an increasing shear-

span-to-depth ratio a/d. The general form for £ is:

X

ki =——e ((5.15) Repeated)
© y+z(a/d)

For a “smooth” transition from arch-action in deep members to the contribution of
components related to stresses in the concrete in slender members, k; has to take a
value of one for a theoretical aspect ratio a/d = 0 and has to vanish for a/d larger than
approximately 2.5. The exact values for the variables, as well as the limiting aspect
ratio were found from the calibration of the model on a large database comprising
deep and slender members without transverse reinforcement that failed in shear. This

calibration is described later in this section.

The gradual increase of the components related to the compression zone of the
member and friction along crack surfaces with an increasing aspect ratio can be de-

scribed as a function k. defined as

kc=1+—~—wm—1——>0 (7.1)

x+y(afd)’ B

where the variable w is taken as the same value as in eq. (5.15).
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To account for the transition from deep to slender members, the term related to the

concrete contributions V. = V.. + Vr1s then reduced by k.
I/(: = kc (V;z + V}’ ) (72)

Figure 7-1 shows a plot of the reduction factors &; and £, versus the aspect ratio with

the variable values found from the calibration.

1
0.9+0.02(a/d)

1
1+0.1@a/dy

Figure 7-1 Reduction functions related to aspect ratio

7.1.2 Calibration of the model for members without web reinforcement

The coefficients of the proposed model were calibrated on a database col-
lected from a database of slender RC members without transverse reinforcement that
failed in shear (Reineck et al. 2003), and a database of RC members with an aspect
ratio of a/d < 2.5 for the same mode of failure (Matamoros and Wong 2003). The da-
tabase comprises 3935 slender beams and 50 deep beams, resulting in 445 RC mem-

bers without transverse reinforcement yielding shear failures. Both databases are
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listed separately in the Appendix and on the supplementary worksheets on the data

CD to allow for a comparison with other models.

The calibration was carried out with the goal to achieve relatively small scat-
ter and to give mostly conservative results. The latter seems to be justified by the high
variance that RC members without transverse reinforcement generally show with re-

spect to their behavior under shear load.

7.1.2.1 Capacity of deep members

The capacity of the deep members was calculated using equation (5.16)
V,=pkf'. wb-sing ((5.16) Repeated)
The strut width for the stocky members was calculated from the size of the

loading plates and the location of the tensile reinforcement as the governing cases for

deep beams. As a safe assumption, the strut width was taken as the smallest value of

w=h, -cos@+1, -sinf ((5.13) Repeated)
w= L (7.3)

sind -
w=h, cosé ' (7.4)

where A, = 2cp = effective embedment depth of tensile reinforcement
[y = length of the loading plate in direction of the member axis
a

cotl = —
d

193




The reduction factors 5, and k&, were calibrated using the complete database,
including deep and slender beams. Taking their functions as follows gave the best fit

for the data:

B,=085-0.0045" >05 ((5.6) Repeated)
1
k= (7.5)
1+0.1(a/d)

The calibration of the deep beam subset of the database yielded an average
value of measure to calculated shear strength of 1.11 £ 0.8 % within a 95 % confi-
dence region. The coefficient of variation was 23 % for a standard deviation of 0.25.
These values do not reflect possible contributions from the ¥, terms in the transition

zone.

Figure 7-2 through Figure 7-4 show graphs plotting the measured versus cal-
culated shear strength, the ratio of measured to calculated shear strength versus aspect
ratio, and the ratio of measured to calculated shear strength versus the compressive
strength of concrete, respectively, and the respective trend lines. As for the aforemen-
tioned average value and coefficient of variation, these graphs show the results for

deep members only, with the shear capacity calculated from sole arch-action.
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Figure 7-2 Measured versus calculated shear strength from arch action on deep members
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7.1.2.2 Capacity of deep and slender members

The main load-carrying mechanisms of slender members without transverse
reinforcement are the shear resistance related to the uncracked compression zone, and
the shear resistance related to friction as described in Section 5.2.3, page 152. The

contributions were previously formulated in equations (5.38) and (5.41):

V.=D-3f' b-kd ((5.38) Repeated)
V,=1,b-(d-kd) ((5.41) Repeated)

Taking the sum of both components, V. =V_+V,, nonlinear regression analysis

yielded the following parameters:

Vc=0.5-fmAb-kd+0.5-fd-b-(d—kd){l—f—w} (7.6)
W

u

such that
5= width of the beam

kd = depth of the neutral axis from flexural linear anal ysis

Ju=T"
Aw, =1.0 mm
B 0.5-¢ -5, . 0.01-cot30°
sin30°(]—0.336cot30“) 1-0.336-cot 30°
5, =(d ~ kd) [mm]
V-d
&=

Aw [mm]
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The transition from deep members to slender members was done by the factor
k., introduced in equation (7.1). The nonlinear regression analysis on the full data-

base, including slender and deep members resulted in

!
_ >0 7.7
0.9+0.02(a/d) 7

k, =1

Following equation (7.2), the contribution of the concrete components was re-

duced as
V,=k, (ch + Vf) ((7.2) Repeated)
The shear strength of all 448 members of the database was calculated by
V=Vo+k (Vo4 V) (7.8)

No data was available about the size of the loading plates of the slender mem-
bers. As a safe assumption, the width of the strut for ¥, was calculated for the slender

members by
w=min{h,, kd}-cos0 (7.9)

The mean value of measured to calculated shear strength was calculated as
1.36 4 0.33% within a 95 % range of confidence. The standard variation was found as
0.39, resulting in a coefficient of variation of 28.6 percent. As mentioned before, em-
phasis was put on a conservative estimate, and, reflecting the generally large amount
of scatter, on conservative trends. Figure 7-5 through Figure 7-9 show various plots

representative of the calibration of the model. Included are five specimens that were
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scaled to demonstrate the effect of a change in the effective depth. These are indi-
cated in the plots by large grey circles. As can be seen, the proposed model yielded

reasonable results considering size effects.

Figure 7-5 shows a plot of measured to calculated shear strength of all speci-
mens in the database. The thick line represents the trend line of the complete data set.
Values representative for size effects are lining up along the trend line within reason-

able range,

The ratio of measured to calculated shear strength versus aspect ratio is plot-
ted in Figure 7-6. The Scatter is largest in the transition zone ranging between ap-
proximately 2.5 <a/d <4 . The scatter can partly be attributed to the sum of the two
reduction factors &, and k.. However, this particular range of aspect ratios also repre-
sents the majority of tested beams, such that scatter can be expected to be higher in
this area. Since the scatter is only on the conservative side with V,,.o/ V.o > 1, it is con-

sidered acceptable.

The same as said about a higher variation of V,../V.y values is discernible in
the subsequent plots as Figure 7-7, showing a plot of measured to calculated shear
strength versus concrete compressive strength. Also here, the concrete compression
strength of the majority of test specimens was in a range of approximately 20 to 30
MPa, representing normal strength concrete in the respective tests. The relatively

small amount of variance for higher strength concretes between 40 and 105 MPa with
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no distinct trend is seen as an indicator for the applicability of the proposed model

over an extensive range of concrete strength.

Figure 7-8 shows the influence of the effective depth. The beams that were
scaled to demonstrate the effect of the member depth are marked by large grey dots.
No trend is apparent over the considered effective depth range between 127 and 1890

mm. The trend line for the beams that were used to evaluate the effect of the effective

depth is plotted as the dashed line in Figure 7-8.

The plot of measured to calculated shear strength versus the tensile reinforce-

ment ratio is an indicator for possible bias related to the amount of tensile reinforce-

ment, p, = 4,/(bd). Both components responsible for the shear strength of slender

members are influenced by g. The depth of the neutral axis as calculated by eq.
(5.36) is directly related to the tensile reinforcement ratio. The shear resistance com-
ponent attributed to friction Fris influenced by the amount of flexural reinforcement,
since it 1s related to the strain in the flexural reinforcement, from which the crack
width is calculated. Figure 7-9 shows the plot of Vy../Veu versus the tensile rein-
forcement ratio of the tested specimens. No distinct trend is perceptible from this

graph.

7.1.3 Influence of critical section considered

It was mentioned earlier that if the strain in the longitudinal reinforcement is
calculated at a different location than at a distance d measured from the support, the

critical crack width, Aw,, has to be changed due to different crack geometries and
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wider allowable cracks towards the center of a simply supported beam. As the mo-
ment increases, the strain in the longitudinal reinforcement increases. For simply sup-
ported beams, the critical crack width has to be changed depending on the considered
location where the moment is taken. This effect was studied for different locations.
Table 7-1 shows different values of the critical crack width changing with the mo-
ment location. For simplicity, only the values for the critical crack width, Aw,, were
changed, the critical crack spacing s, was kept constant with respect to the initial lo-
cation of the considered moment at a distance d from the support. The calibration was
carried out aiming at similar responses in terms of the ratio of measured to calculated
shear strength to keep the same level of conservatism. Only the slender members of
the database were considered, because an influence of {riction in deep members 1s not

relevant, as described before.

Moment Aw, Viges ! Ve | Standard | Coefficient of varia-
[mm] deviation tion [%]
M=V-d 1.0 1.39 0.39 28.0
M=V (a-1.5d) {22 1.38 0.37 27.2
M=V .q 3.5 1.38 0.38 27.4

Table 7-1 Alternative values for the critical erack width at different moment locations for mem-

bers without transverse reinforcement
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Figure 7-5 Measured versus calculated shear strength for slender and deep members without

transverse reinforcement
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Figure 7-6 Ratio of measured to calculated shear strength versus aspect ratio for deep and slen-

der beams without web reinforcement
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for deep and slender beams without web reinforcement
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Figure 7-9 Ratio of measured to calculated shear strength versus tensile reinforcement ratio for

deep and slender beams without web reinforcement
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7.2 Members with transverse reinforcement

Members with web-reinforcement can be handled in a similar way as mem-
bers without transverse reinforcement. Aside from the contributing concrete and arch-
components, the term for the truss was added, yielding the calculated shear strength

as previously given:
V.=V +V + (ch +Vf) ((5.1) Repeated}

The form of the expressions for the contributions of friction, uncracked com-
pression zone, and arch-action remains equal to the ones described in the previous
section. For simplicity, it was tried to keep most of the coefficients within the equa-
tions for arch- and concrete contribution as in the case of RC members without trans-
verse reinforcement. However, introducing truss action to the shear resisting mecha-
nisms of the member results in a different distribution of internal stresses within the
member. The calibration made it necessary to change some of the parameters to ac-
count for the changed distribution of stresses. Mainly the coefficients in the transition
functions (5.15) and (7.1) were changed. This and other changes will be listed later in

this section.

Deep members as deep beams and walls are often reinforced with horizontal
and vertical web reinforcement. Accordingly, the general term for V; has to be
changed depending on the considered geometry. In addition, the stresses in the in-

clined compression field induced by the truss interact with the stresses in the inclined
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strut representing arch-action. If it 1s assumed that the truss develops its full strength,

the allowable stresses in the arch need to be reduced.
7.2.1 Deep members with horizontal and vertical web reinforcement

7.2.1.1 Deep beams

Arch action

The shear capacity of deep beams consists of resistances from arch-action and
truss action. Arch-action is represented by a direct strut from the applied shear force
V to the support. The inclination of the arch is defined by the shear span, ¢, and the
depth of the member, d. The general geometry for arch action within a deep beam is

shown in Figure 7-10.

14 1%

Figure 7-10 Geometry of a deep beam
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The inclination of the strut is calculated by

cotf = %— ((5.14) Repeated)

Without considering the transverse reinforcement, the strength of the arch was given

before by equation (5.16):

V,=pkS ' wb-sing ((5.16) Repeated)

The concrete strength related reduction-parameter f, for the nodal strength is
independent of possible transverse reinforcement. Therefore, it is taken as previously
derived for equation (5.6). However, the coefficients in the factor for the transition
from slender to deep members, &, need to be altered, because the internal stress dis-

tribution changes by adding transverse reinforcement. The form of £; is kept constant.

The width of the strut is calculated in the same way as described for members

without transverse reinforcement in Section 7.1.2.1.

Truss action
The capacity of the truss within a deep member is calculated according to

Chapter 52.2 by

Vi=p,f,b-Jjd-cotg ((5.23) Repeated)

Attention, though, has to be paid to the inclination of the compression field. Figure
7-11 shows the geometry for truss action in a deep member with vertical web rem-

forcement.
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Figure 7-11 Geometry of a vertical truss in a deep beam

The strength of the stirrups is assumed to be bundled in one stirrup at a loca-
tion x = /2. It is apparent that truss action can only fully develop if the inclined com-
pression field Lies within the member, which is only possible if the steel is to act in

the center of the section, with the inclination of the compression field given by

[44
otgp=— 7.10
cot ¢ ¥ (7.10)

with 6<¢

The limit of @< ¢is set by geometry. If the inclination of the truss-induced compres-

sion field, ¢, becomes smaller than the arch inclination, 6, it is not defined by the

shear-span-to-depth ratio anymore, but becomes variable as in a slender member.
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It should be noted that it appears justified to use the depth of the member to
calculate the capacity in a deep member, because distinct tension and compression

zones do not develop. For deep beams, equation (5.23) thus becomes for members

with vertical web reinforcement:

V., =p,f,b-d-cotd (7.11)

Similar to the vertical truss, the geometry of horizontal web reinforcement is
depicted in Figure 7-12. It is convenient to introduce a new angle, , for the inclina-

tion of the compression field resulting from the horizontal truss.

dr2.

di2

Figure 7-12 Geometry of a horizontal truss in a deep beam

Following Figure 7-12, the inclination of the compression field resulting from hori-

zontal web reinforcement can be calculated as
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cotw:%q— (7.12)

with 8>

Using this angle, the capacity of the horizontal truss is calculated similar to the verti-

cal truss (Section 5.2.2.1) as

V;,h:pwfwyb‘d.tanw (7.13)

The stress in the inclined compression field is given by

£l
= (7.14)
CcOS™ i

Combined truss and arch action

If truss- and arch-mechanisms act simultaneously, both mechanisms place a
demand on the concrete under compression. In the following, it is assumed that the
truss mechanism, as the most reliable shear-carrying mechanism, develops its full ca-
pacity. The allowable remaining fraction of the concrete compressive strength can be

determined as follows:

Both contributing mechanisms rely on compressive stresses in terms of £, and
Bl e, for truss and arch components, respectively. The stress f; is the stress in the di-
agonal compression fleld of the truss as defined by eqgs. (5.25) and (7.14). The equiva-
lent compressive stress in the arch is the effective compression strength, f,f°.. The
contribution of the vertical truss component can be expressed as a function of the

fraction of the effective compression strength:
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R = : (7.15)

Where f;, = stress in the compression field resulting from vertical web reinforcement.

The resistance factor R, is related to two limitations to the shear-carrying mecha-

nisms:

1

2)

It f,,z8.f",, the stresses in the inclined compression field ex-

ceed the allowable compressive stresses. Accordingly, the contri-
bution from the truss has to be lowered by the fraction that the
stresses exceed the capacity. Therefore, V, has to be reduced by the

inverse of the R,

ﬁ"f'c <1.0 7.16
L (719

If R, is viewed at as a resistance factor related to the truss, R, could
be defined as a resistance factor related to arch action. It is sensible

to take the sum of resistances as unity (Hwang et al. 2001).

R +R, =1 (7.17)

Solving for R, gives the allowable relative resistance the arch can provide

without exceeding the effective compressive strength of concrete in the arch and

truss:

R=1-—Tu (7.18)
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This factor is in agreement with the term (3.10) described by Watanabe (Watanabe

and Ichinose 1991).

Similarly, the relative resistance can be derived for the contribution of a hori-
zontal truss. If the horizontal truss in the deep beam is assumed to develop its full ca-

pacity independent of the vertical truss, a resistance fraction can be formulated as

j; h
R =-2t 7.19
b1 7

with f;5 = stress in the compression field resulting from horizontal web rein-
forcement.
Setting the sum of all three relative resistances equal to unity gives

R +R +R, =1 (7.20)

Equation (7.20) can be solved for the allowable resistance of the arch, R, by calculat-

ing the resistance ratios of the vertical truss relative to the arch, and of the horizontal

truss relative to the arch mechanism:

R Jr!v

v - ’ (7.21)
Ra /anlc [1_)(;%”]("5)
& (7.22)

ey

£
: ﬁnf;(l—f% fj

Solving equations (7.20), (7.21) and (7.22) for R, yields the necessary reduction of

the arch contribution due to truss induced compressive stresses:
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Equation (7.23) is the general form for the reduction of the arch if truss action is
added. For the case that no horizontal web reinforcement is present, eq. (7.23) be-

comes equal to (7.18) with f;, = 0.

Following this, the shear capacity of the arch in a deep beam i3 calculated by reducing

the general equation for arch action (5.16) by Ry:

I/a = Ralﬁnkxf ’c' w: b ' Sin 9 (724)
7.2.2 Calibration of the components

Contributing components
The shear strength of deep and slender RC members with web reinforcement

1s calculated from a modification of equation (5.1):

V, =V, +V,+ kY,

V=V, +V,+k (V. +V,) (7.25)

The general forms of the components in equation (5.1) were given previously as

Vi=Rp

k. [ -w-b-smb ((7.24) Repeated)
with the variable parameter &, for the transition from deep to slender members

X

k, =—————— 5.15) Repeated
5 y-{-z(a/d)w (( ) cpeaie )
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The contribution of the vertical truss was derived previously as

Viw = Pyt b jd-cotg ((5.23) Repeated)

Similarly, the contribution of the horizontal truss is

Vi = Pusfupsb - Jd -tany ((7.13) Repeated)
with:

4

5,7

, L = ratio of transverse reinforcement in the vertical direction
-8

Py =
Sy = yield strength of vertical web reinforcement

5. b . . - . . .
P, =—>== ratio of transverse reinforcement in the horizontal direction

b-s
Juy,n = vield strength of horizontal web reinforcement
s = spacing of stirrups in the direction considered

As mentioned before, for deep beams it is appropriate to use the full effective
depth d instead of the internal lever arm jd. Furthermore, during the calculation the
stresses in the inclined compression fields, f;, and £ ;, need to be monitored. If £; ex-
ceeds the allowable effective compressive strength of concrete, f,f, ¥} has to be re-
duced by the ratio of effective concrete strength to truss-induced stress in the com-

pression field (eq. (7.16)).
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The concrete strength related components apply for slender members only.
The contribution of the uncracked compression zone was given previously by equa-

tion (5.38):
V,=D3Jf" -b-kd ((5.38) Repeated)

The constant D was previpusly found in the calibration of the proposed model for
members without transverse reinforcement as 2 = 0.5. Since adding transverse rein-
forcement d;)es not change the state of stresses in the compression zone considerably,
this value should not change drastically. The calibration on members with transverse

reinforcement yielded D = 0.4.

The friction-related component ¥y was derived in Section 5.2.3.2, page 156, as

equation (5.41)
Ve=7,-b-(d~kd) ((5.41) Repeated)
. Aw
with 7, =const- f, (1 _“q_) ((5.40) Repeated)
i . AWH
in which Ja=3T".
Aw 056, 5, + 0.01-cotd, [mm] ((5.47) Repeated)

““sing, (1-0336cotg, ) 1-0.336-cotd,

s, =C(d—kd) ((5.32) Repeated)
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As for the members without transverse reinforcement, the constant C influencing the
critical crack spacing has to be found from the calibration. For simplicity, this value

was kept constant for the two different cases.

The concrete contributions ¥, and Vrin eq. (7.25) need to be adjusted for the

transition from deep to slender members by a factor

1

e 2 ) 7O R d
x+y(a/a’)w ((7.1) Repeated)

k =1+

o

Database of deep and slender beams

The database for the calibration of the model for deep and slender members
with web reinforcement was comprised from the open literature. It consists of 168
slender members with vertical web reinforcement, which were taken from (Chen and
MacGregor 1993; Zararis 2003). This data was extended by 146 deep beams previ-
ously investigated by Matamoros and Wong (Matamoros and Wong 2003). 66 of
these deep beams had solely vertical transverse reinforcement. A member was con-
sidered a deep beam in the latter database if the shear-span-to-depth ratio was below
2.5. Accordingly, members in the database of slender beams had an aspect ratio ex-
ceeding a/d = 2.5. The maximum aspect ratio considered was a/d = 7. Both databases
are provided in Appendices A3 and A4 and the worksheets “Slender beams with web
reinforcement”, and “Reinforced deep beams™ on the accompanying CD, respec-

tively.
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The proposed model was calibrated on the combined database of slender
beams and deep beams with vertical web reinforcement. Subsequently, it was verified
on the complete database of deep beams. The contributions of ¥, and Vr were ne-

glected for deep beams.

7.2.3 Calibration for slender and deep beams

The database comprising 168 slender beams and 66 vertically web-reinforced

deep beams was calibrated to the components listed in the previous section.

The strut width of the arch in deep beams was calculated as for deep members -

without transverse reinforcement from the support conditions by equation (5.13)
w=h -cosf+I[ -sinf ((5.13) Repeated)

Since no data was available for the size of the loading plates of the slender members,

the strut width of the arch in slender members was determined by equation (7.9)
w=min {ha, kd } -cosf ((7.9) Repeated)

Nonlinear regression analysis yielded the following coefficients in the various pa-

rameters:

The concrete contribution in slender members was found to be

IQ=o.4-f;-b.kd+o.4-ﬁ,-b-(d—kd)[l—ft“iJ . (7.26)

u

with
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b = width of the beam
kd = depth of the neutral axis from flexural linear analysis

The best fit for the other parameters yielded:

Ja =S
Aw, =1.0 mm
Aw 05-¢.-5, 0.01-cot30 (mm]

= +
sin30°(l~—"0.336cot30°) 1-0.336-cot 30°
s,, = (d — kd) [mm]
V.d
" p,-bd-jd-E,

Therefore, the parameters that are related to critical crack width and to critical spac-
ing remained constant compared to the equivalent values for deep and slender mem-

bers without transverse reinforcement (Section 7.1.2.2),

The coefficients related to the transition from deep members to slender mem-
bers were changed due to the changed relation of stresses in the member. Adding
truss-induced stresses changes the relation between arch component and the V, term,

because the arch component is reduced by R, The curve fit for the examined data

yielded

4.6
k_\‘ = s 3
6.5+0.13(a/d)

(7.27)

During the calibration, it was tried to keep the form of &, such that £, =1 for a

theoretical value of a/d = 0. However, this seemed to impose an unconservative trend
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on the calculated shear strength. A possible explanation for lowering the initial value
for &, might be that the inclined stresses in the arch are not directed in the same direc-
tion as the inclined stresses induced by truss action. This could possibly weaken the

strut due to a two-axial state of stresses in the arch.
The parameter for the contributions of V,; and V, in eq. (7.25) was found as

k=1 ! >0 (7.28)

©01+0.01(a/d)

Figure 7-13 shows a plot of the two transition functions against the shear-span-to-
depth ratio. The transition function related to the strut, &;, has an initial value of 0.71
and becomes negligible at approximately a/d = 3.5 as it approaches the x-axis asymp-
totically. This means arch action had no effect for aspect ratios exceeding this value.
The transition fuﬁction for the shear-resistance contributions related to the develop-
ment of distinet tension and compression zones, k., starts at an initial aspect ratio of
al/d = 2.46. From this point onward, the function increases rapidly until it becomes

infinitely close to one at aspect ratios of approximately a/d = 6.
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Figure 7-13 Reduction functions related to aspect ratio, web reinforced members

Using the parameters as listed above gave an average value of measured to
calculated shear strength of the 243 considered beams of 1.16 £ 0.13 % within a 95
percent confidence interval. The coefficient of variation for the examined data was
14.25 percent with a standard deviation of 0.16. The subset of sole slender beams had
a mean value of Vi Ve = 1.14 £ 0.2 % within a 95 percent confidence interval, and
a coefficient of variation of 14.67 % with a standard deviation of 0.17. The subset of
deep Beams with vertical web reinforcement yielded a mean value of Ves/ Ve = 1.22

+ 0.41 % within a 95 % confidence region. The coefficient of variation was 12.1 % at

a standard deviation of 0.15.

Figure 7-14 shows a plot of measured to calculated shear strength for all slen-
der and deep beams with vertical web reinforcement. The bold trend line does not
show any distinct trend and represents the mean value well. Three of the examined
beams show considerably higher measured shear strength than their respective calcu-

lated strength. These beams were tested by Roller and Russell (specimens 1, 8, and
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9), and were pointed at in the respective publication {Roller and Russell 1990). High
strength concrete with /7, =120.2 for specimen 1, and 125.4 MPa for specimens 8§ and
9 was used, while the tensile reinforcement ratio was relatively low at 1.65, 1.88, and
2.35 %, respectively. As mentioned by Roller and Russell, specimens 1 and 8 were
reinforced with approximately the minimum amount for web reinforcement required
by the ACI-318-83 code; specimen 9 had approximately twice the amount of required
transverse reinforcement. The code requirements have éhanged following the investi-
gation by Roller and Russell, making the minimum required amount of transverse re-
inforcement a function of the compressive strength of concrete (ACI-318-02, Section
11.1.2). Specimens 1, 8, and 9 do not satisfy the current code provision (ACI-318

2002), and are therefore not considered representative in the work at hand.

The ratio of measured to calculated shear strength versus shear-span-to-depth
ratio 1s shown in Figure 7-15. No trend is discernible as indicated by the trend line
running almost parallel to the x-axis at the average value of Ves/Vop. As it was seen
before for the beams without transverse reinforcement, scatter was higher around a/d
= 3. This can again be attributed to the transition from deep to slender members. It
can as well be attributed to the fact that the majority of tested beams fell in this range,

thus naturally increasing scatter within this range.

The same can be seen again in Figure 7-16, plotting the ratio of measured to
calculated shear strength against the compression strength of concrete. While again it
is obvious that the scatter was largest in the range in which the compressive strength

of the majority of tested beams fell, no distinct trend can be seen. It is possible that
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the three previously mentioned specimens tested by Roller and Russell (Roller and
Russell 1990} introduced a small amount of bias towards high strength concrete.
Aside from these beams, specimens with concrete strengths up to 120 MPa followed

the trend line parallel t0 Voo Ve = 1.

The ratio of measured to calculated shear stre;ngth 15 plotted against the effec-
tive depth 4 in Figure 7-17. Relatively large scatter is visible in the range from ap-
proximately d = 200 to 400 mm. Due to common design practice, most of the tested
specimens fell in this range. Since the scatter is on the conservative side, it is possible
that it introduces the negative trend toward larger beam depths. Not enough data is

avatlable to make a statement about beams with depths exceeding 800 mm.

Figure 7-18 shows a plot of the ratio of measured to calculated shear strength
versus the tensile reinforcement ratio, which is influencing the contributions from ¥,
and ¥y The scatter that was visible as concentrated over certain ranges in the preced-
ing graphs is now spread evenly over the examined range of 0.5< p, <4.5. Figure
7-18 is taken as an indicator that the contributions of uncracked compression zone

and friction were calculated appropriately.
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Figure 7-14 Measured versus calculated shear strength for slender and deep beams with vertical

web reinforcement
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beams with vertical web reinforcement
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Figure 7-17 Ratio of measured to calculated shear strength versus effective depth, deep and slen-

der beams with vertical web reinforcement
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Figure 7-18 Ratio of measured to calculated shear strength versus tensile reinforcement ratio,

deep and slender beams with vertical web reinforcement
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7.2.4 Influence of critical section considered

As was described in the section on slender and deep members without trans-
verse reinforcement (Section 7.1.3), the critical crack width Aw,, calculated for the
friction component V, is dependent on the location of the considered moment. In the
calibration of the proposed model on the database described previously, the moment,
and therefore the strain in the longitudinal reinforcement, was calculated at a distance
d measured from the support. To account for varying crack geometries along the
beam span, the critical crack width was calculated for different locations, summarized
in Table 7-2. As before for the case of beams without web reinforcement, for simplic-
ity Aw, was taken as the sole variable. All other factors were kept constant with re-
spect to the calibration for a moment location of x = d measured from the support.
Only slender members of the database were considered, since the friction contribution

is neglected in deep members due to a lack of a distinct tension zone.

The study of the influence of the considered location for the calculation of
strains in the longitudinal reinforcement gave the following values at the sections
considered. Criterion was a comparable V,./V. ratio to ensure the same degree of

safety for the model.

231




Moement der Aw, Vines! | Standard | Coefficient of varia-
[deg] [mm] Veu deviation tion [%e]
M=V.-d 30 1.0 1.14 0.17 14.7
M=V -(a-15d) |30 1.7 1.14 0.17 14.6
M=V-a 30 2.5 1.14 0.16 14.5

Table 7-2 Alternative values for the critical crack width at different moment locations for mem-

bers with transverse reinforcement

7.2.5 Evaluation on deep beams and walls
The model as calibrated as before was evaluated on the “complete” database
of deep beams and on a database for walls that reportedly failed in shear. The derived

parameters were kept constant to verify their applicability on different datasets.

Different components need to be taken into account for deep beams and walls.
Deep beams rely on arch action in interaction with horizontal and vertical truss
mechanisms, walls rely on the same mechanisms and an additional contribution from
the compression zone, which can be very distinet in walls as opposed to deep beams.
This is described in Section 7.2.5.2. Furthermore, geometric definitions need to be
adjusted to apply the model to walls, because the load is applied horizontally instead

of vertically on deep beams.

7.2.5.1 Deep beams with horizontal and vertical reinforcement

The database for deep beams was taken from (Matamoros and Wong 2003). It

includes 146 members with horizontal and vertical, and members with vertical web
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reinforcement only. Properties and computational results are listed in Appendix A4

and in the worksheet “Reinforced deep beams” on the accompanying data CD.
The shear capacity was calculated as the sum of arch- and truss mechanisms,

LV Y (7.29)

In which the truss components were calculated from equations (7.11) and (7.13):

V,,=p,J,bd-cotg ((7.11) Repeated)
Viw = Pufyb-d-tany ((7.13) Repeated)

Depending on the amount of stresses in the respective compression fields, the values

were reduced by condition (7.16), if necessary.

ﬂ}f © <10 ((7.16) Repeated)

The contribution of the arch was calculated from eq. (7.24)
V,=R Bk f' -w-b-sing ((7.24) Repeated)
With the reduction factors for interaction with the truss mechanisms, and for effective

compressive strength, and the transition factors calculated from equations (7.23),

(5.6), and (7.27), respectively.

R = (ﬁnf'c“ﬁ,h)(ﬁnf‘f_ﬁ’”) ((7.23) Repeated)

’ (B = Sint

B, =085-0.004f" 205 ((5.6) Repeated)
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4.6

s = {(7.27) Repeated)
6.5+0.13(a/d)’

k

Figure 7-19 shows the ratio of measured to calculated shear strength. The av-
erage value was V,.,/Vo = 1.20 £ 0.24 % within a 95 percent confidence interval.
The standard deviation was 0.16, resulting in a coefficient of variation of 12.98 %. As
can be seen, the included trend line shows no discernible negative trend, running par-

allel to the line representing Ve Vew = 1.0.

This is also true for the plot of the ratio of measured to calculated strength
versus aspect ratio. Compared to the respective graph plotted for slender and deep
‘beams (Figure 7-15), Figure 7-20 shows a scatter that is spread out more evenly over

the full considered range of 0.2 <a/d <2.5.

The ratio of measured to calculated strength is plotted agéinst the compressive
strength of concrete in Figure 7-21. Again, the trend line is paralle] to the gridline for
Vimes! Vear = 1. Figure 7-21 also indicates a larger amount of scatter at relatively low
concrete strengths and at two distinct test series (Shin et al. 1999). For both series, the

trend line represents the average of the test data accurately.

Figure 7-22 shows the ratio Vi../ Ve plotted against the effective depth, d. As
in the graphs before, the calculation yielded excellent resuits, that is, no trend is visi-
ble. The considered effective depths ranged from 216 to 940 mm with the whole

range well represented in the test data.

234



250 300 350 400 450 500
Vcal {kN]

200

150

100

L7

50

500
450
400
350
300
250
200
150
100
50

N1l #2¥ A

Figure 7-19 Measured versus calculated shear strength for deep beams with web reinforcement
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Figure 7-22 Ratio of measured to calculated shear strength versus effective depth, deep beams

238




7.2.5.2 Walls

The database for walls was comprised from databases collected from the open
literature (Kabeyasawa and Hiraishi 1998; Wallace 1998; Wood 1990). 27 of the 146
examined walls were axially loaded with an average axial stress varying from 7 to 18
percent of the compressive strength of concrete; the average applied axial stress was
less than 0.5 % in the remaining walls. 56 of the wall specimens were exposed to re-
versed lateral load, 4 specimens were repeatedly loaded in the same direction; and
monotonic lateral load was applied to the remaining 86 specimens. Wall dimensions
and properties are provided in Appendix A9 and in the “Wall database” worksheet on

the added CD.

It was found that neither the axial load nor the alternating lateral load had a
considerable effect on the shear strength of the walls. This might be related to some

of the different factors that have to be considered for walls:

(1) The walls were equipped with boundary elements like flanges,
heavy reinforcement on the edges of rectangular walls, or were
built as barbell sections. Since the axial loads were applied on the
whole sections, the boundary elements acted like columns, carry-

ing most of the axial load.

(2) The boundary elements on the opposite side of the load application
represent very distinct compression zones. These compression
zones are heavily reinforced. Thus, different from decp beams,

these boundary elements should be considered in the calculation of
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(4)

)

Arch-action

the shear strength. However, the function for the transition from

deep to slender members is assumed to be constant with &, = 1.

A contribution from friction in the tensile zone is neglected as a
safe assumption for the same reasons it is not considered for the

shear capacity of deep beams.

The applied axial loads on the examined walls were very small.
Most of the considered walls had no axial load; the majority of

axially loaded walls were exposed fo an axial load Ievel

P/(4-f') of smaller than 0.3 %. Only the walls tested by

Kabeyasawa had higher axial load levels between approximately 7

“and 14 percent (Kabeyasawa and Hiraishi 1998).

So far, in this work, shear loads had been vertically applied. The
horizontal application of shear forces on walls makes it necessary
to look at the changed geometry for the considered strength con-

tributions:

For arch-action, the angle of the direct strut is taken as the angle spanning at

the support counterclockwise from axial direction as shown in Figure 7-23. The hori-

zontal dimension of the arch is assumed the effective depth d. The effective depth d is

assumed to span between the center of the boundary element in tension and the outer
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fiber of the wall in compression. The inclination of the strut is thus given by equation

(5.14):

cotf = -gm ((5.14) Repeated)

No information about dimensions of loading plates was given for the exam-
ined walls. However, it is common to apply the Jateral load as a line Joad on top of the
wall (Lopes 2001), thus diluting a distinct loading point for the arch and smearing the
applied lateral load along the wall length /,,. It appears not sensible to define a strut
width from the wall length. However, while the strut width at the location of the ioad
application cannot be defined, the strut has to end at the support within a zone under
compression. Such a fan-shaped strut can be idealized as a direct strut forming under
the assumed inclination &, which crosses the compression zone. It is a safe assump-
tion to calculate the strut width solely from the depth of the compression zone, i.e. the

boundary element, Ax Consequently, the strut width for walls can be calculated as

w=h, cosd (7.30)
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Figure 7-23 Geometric definitions for arch-action in walls

Truss action

Truss action in walls is defined similar to truss action in deep beams with
horizontal and‘ vertical reinforcement. The strength of the trusses is calculated by
equations (7.11) through (7.14), with the vertical direction for deep beams becoming
the horizontal direction for walls, and the horizontal direction for deep beams becom-

ing the vertical direction for walls.
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Shear strength of walls

As previously mentioned, the boundary elements of walls represent a distinct
compression zone that has to be reflected in the calculation of the shear strength. The
shear strength of walls was calculated by adding the term for the contribution from

the compression zone to equation {7.29):

v :V,,\,+Vf’h +V 4V, (7.31)

n

The contributions of truss action, V;, and V};, and from arch action, ¥, are
calculated as for deep beams, with the necessary adjustments to the different geome-
try. These are equations (7.11) through (7.14), with the combination Qf truss- and
arch-action by eq. (7.24). No adjustments were made to the factor k, describing the
decreasing influence of arch-action with an increasmg aspect ratio. Thus, &; 18 given
as for deep and slender beams by eq. (7.27). The contribution related to the compres-
sion zone is calculated from the same expression as for slender members with trans-

verse reinforcement:
V,=04-37" -b-kd (7.32)

It should be noted that the width b can change according to the geometry of the

boundary element.

Figure 7-24 shows a plot of measured versus calculated shear strength of the
146 walls. Generally, a relatively large amount of scatter can be seen, which is re-

flected in a standard deviation of 0.47. The average value of V,,../V.q; was found to be
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1.28+0.76% within a 95 % confidence region, yielding a coefficient of variation of
36.6 % The trend line in Figure 7-24 indicates no distinct negative trend. However,
the strength of some walls with higher measured shear 'capacities between approxi-
mately 1700 and 3200 kN was overestimated. It should be noted that all specimens
with a higher calculated shear strength than approximately 2500 kN come from a test
series by Sugano (Wood 1990). These walls had a very low aspect ratio of a/d = 0.23.
Their width was 120 mm with a wall length of 3960 mm. While no definite statement
can be made, it is assumed that these walls might have failed in a failure mode more
related to axially loaded members than to shear. The calculations indicated that as ex-
pected, the contributions from vertical truss-action and arch-action are negligible, and
the sole horizontal truss component is overestimating the strength of these walls. It is

possible that these walls rather failed due to concrete crushing than in shear.

The test series by Sugano is also visible in the graph showing a plot of the ra-
tio of measured to calculated shear strength versus shear-span-to-depth ratio (I'igure
7-25). Because these walls have the lowest aspect ratio, they influence the trend line
with respect to small aspect ratios. For higher aspect ratios, the scatter was spread out
relatively wide, indicating that the trend line gives a good estimate over the whole

range.

Figure 7-26 shows a plot of V.V against concrete compression strength,
The concrete strength of the majority of walls ranged from approximately 14 to 50

MPa, seven of the 146 specimens had a concrete strength between 70 and 80 MPa,
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and the concrete strength of two walls exceeded 100 MPa. The trend line indicates no

distinet trend, representing the mean value of Viey/ Vear.

Scatter for the length of the tested walls, J,,, 1s spread out more evenly over the

entire range from 430 to 3960 mm. No trend is visible in Figure 7-27. Since the effec-

tive depth d was calculated as d =1, -, /2, this graph represents also the plot of the
ratio of measured to calculated strength versus d.

Likewise, the graph of the ratio of measured to calculated shear strength
against the tensile reinforcement ratio shows no distinct trend with respect to pp.
(Figure 7-28). The reinforcement ratio of the boundary elements ranged from ap-

proximately 0.7 to 8.3 percent.

Figure 7-29 shows a plot of the ratio of measured to calculated shear strength
against the axial load level. Most of the tested walls had very low or no axial load.
Walls with higher axial load levels between 7 and 18 percent do not indicate any

trend with respect to axial load.
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Figure 7-25 Ratio of measured to calculated shear strength versus aspect ratio for walls
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7.3 Columns under static shear

No additional parameters are needed to account for effects of axial load with
the proposed model. The effect of axial load is already considered in the derived

components of the shear capacity. Some considerations have to be pointed out:

Exposing a beam to axial load is reflected in the changed depth of the neutral
axis. Therefore, axial load influences the contributions from the uncracked compres-
sion zone, V., from friction, ¥y, and from arch-action, ¥,. The compression zone be-
comes larger, increasing the influence of 7. Changing the height of the cracks also
directly influences the critical crack width related to the friction mechanism, A,,. In
addition, an axial load 1s reflected in the equilibrium conditions leading to the friction

component in Section 5.2.3.2.

7.3.1 Contribution of the compression zone, V.,

The depth of the neutral axis, ¢, calculated by flexural analysis for members
under axial and flexural load defines a smallest possible compression zone depth, and
is therefore a safe assumption. The actual depth of the compression zone under shear
loads can be larger than ¢, and was previously taken as the compression zone depth
calculated from linear bending theory, &d. Under axial loads, however, a closed form
solution for kd is not readily at hand. It appears sensible to take the smallest possible
depth of the compression zone as a conservative assumption. Assuming that the outer
fiber of the column in compression has reached the ultimate strain of concrete, the

neutral axis depth can be found iteratively as described later in Section 8.1.1 on page
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276. The ultimate strain of concrete under compression is taken as g, = 0.003. In de-
sign practice, a compression zone depth can be determined based on the interaction of
moment and axial load. For evaluation purposes, ¢ has to be determined by iterations
for the given uitimate shear and axial load. The depth of the compression zone di-
rectly influences the contribution of the compression zone to the shear capacity of the

member.

7.3.2 Arch-action

The depth of the compression zone also influences arch-action. If the strut
width is calculated from the smallest value of either the depth of the compression
zone or the embedment depth of the tensile reinforcement, A, the strut width is di-
rectly influenced by c. Since, however, the smallest value governs to yield the small-
est strut width, and therefore the highest stresses in the strut, it is very likely that the
embedment depth will govern the definition of the strut width. The values for ¢ and A,

should be compared with this respect.

7.3.3 Friction component, Vs

The friction component Vris influenced by the depth of the neutral axis, and
therefore by axial load, in two ways: First, the depth of the neutral axis defines the
depth of the crack, taken as d-c. A larger compression zone decreases the crack width,
Aw, increasing the frictional forces. Furthermore, the axial load was already consid-
ered in equilibrium conditions of the free body diagram in Figure 5-10, page 153. No

additional adjustments need to be made. However, the simplified calculation of the
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strain in the tensile reinforcement, eq. (5.49), cannot be used anymore, since this for-
mulation does not include axial load. Therefore, the exact formulation in equation

(5.48) has to be used.

7.3.4 Evaluation

The performance of the proposed model under static shear strength and axial
compression was studied on the set of data that was used to derive the current ACI
code provisions for shear under axial load (ACI-318 2002). The data was taken from
three test series of beams and knee-frames without web reinforcement (Baldwin and
Viest 1958; Diaz De Cossio and Siess 1960; Morrow and Viest 1957), which were
later considered for evaluation purposes of the current code (ACI-ASCE committee
326 1962; MacGregor and Hanson 1969). The range of test data covers members that
are representative of stocky and slender columns as well. The beam properties and
loads are listed in Appendix A5 and the “Axial load” spreadsheet on the supplemen-
tary CD. Each of the three test series revealed a distinctly different behavior from the
other series. For this reason, the separate series are shown in Figure 7-30 through
Figure 7-35. While the series varied in their response to the proposed model, bias

with respect to the axial load was not of concern.

Concrete strength, tensile steel ratio and aspect ratio were the considered vari-
ables in the 20 tests reported by Diaz De Cossio and Siess (Diaz De Cossio and Siess
1960). Two of the reported specimens failed in a flexural mode. They were not con-

sidered in the evaluation. The concrete strength varied from 19.4 to 31.5 MPa, aspect
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ratios varied from a/d = 2 to 6, and tensile steel ratios of 1 and 3.33 percent were
used. The axial load was not varied. However, the beams tested by Diaz De Cossio
were cast In pairs, in which one beam of each pair was axially loaded with 89 kN, and
the other beam was not axially loaded. This allows for a direct comparison with re-
spect to axial compression. As shown in Figure 7-31, adding axial compression did

not have an effect on the accuracy of the proposed model.

The tests reported by Morrow and Viest (Morrow and Viest 1957) and Bald-
win and Viest (Baldwin and Viest 1958) are considered to be a continued tests series.
The first part of the series, conducted by Morrow and Viest, comprised 33 knee-
frames of which 29 failed in shear compression or due to diagonal tension cracks.
Test variables were the shear span, concrete compressive strength, and tensile rein-
forcement ratio. The axial load ratio, P/(4f’;), varied from 2.5 percent to approxXi-

mately 10 percent, while the axial load was kept equal to the shear load.

Being a continuation of the preceding test series, the second part conductéd by
Baldwin and Viest focused almost entirely on a varying axial load, i.e. a varying axial
to shear load ratio. The shear-span-to-depth ratio was kept mostly constant at 1.93;
only one knee-frame with a/d =1.45 and one member with a/d = 2.62 were addition-
ally tested. Concrete compressive strength was planned as 24 MPa, and varjed from

21.2 MPato 37.6 MPa.

As mentioned previously, scatter among the ratios of measured to calculated
shear strength for the three test series was relatively large. As can be seen in Figure

7-30, the largest variation is apparent for the knee-frames tested by Baldwin, indi-
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cated by triangular markers. Since only two of the members tested by Baldwin were
not under axial compression, no statement can be made concerning the effect of axial
load. Figure 7-31, though, shows that a varying amount of axial load did not induce
bias on the calculated shear strength. The shear strength of the knee-frames tested by

Baldwin was generally overestimated.

A direct comparison between beams with and without load is possible using
Diaz De Cossio’s data. The same amount of axially loaded members and beams with-
out axial compression is available for similar beams in each category. Marked by a
diamond shape in Figure 7-30 and Figure 7-31, the shear capacity was calculated with
comparable deviation from the measured values. The same was true for the evaluation
of knee-frames of the first investigation by Morrow and Viest. The scatter for this test

series was slightly smaller compared to the series by Diaz De Cossio.

The plots of the measured to the calculated shear strength against concrete
compressive strength, aspect ratio, effective depth, and tensile reinforcement ratio
(Figure 7-30 through Figure 7-35) show no discernible common trends with respect to
each paramefer. The mean value of measured to calculated shear strength was found
to be 1.3710.63% within a 95 percent confidence interval. The standard deviation
was 0.36, resulting in a coefficient of variation of 26.1 percent. These values are
comparable to the values found for deep and slender members without axial load and

without transverse reinforcement.
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7.4 Evaluation of the calibrated components

Using the results from the previous calibrations, the monotonic shear capacity
can be calculated for members with and without web reinforcement in a range from
slender to deep members and walls. A possible axial load can be considered following

the previous Section 7.3.

7.4.1 Members without web reinforcement
Summarizing, the strength of RC members without web reinforcement was
calculated by the superposition of arch-action with the contributions from the com-

pression zone and the friction mechanism.

V,=V,+k (V. +V,) ((7.8) Repeated)

The strength related to arch-action was calculated using equation (5.16), with
the effective strength of concrete in the nodal zones given by equation (5.6), and the

transition function &, provided in equation (7.5):

V.=Bkf'-wb-sind ((5.16) Repeated)
£,=085-0.004f' 205 ((5.6) Repeated)

1

. 7.5) Repeated
Y 1+0.1(a/d)’ (7-3) Repeated)

The contributions from the compression zone and friction were multiplied by

the function k. to consider the transition from slender to stocky members.
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k, =1 ! =0 ((7.7) Repeated)

09+0.02(a/dy

The capacity of the combined contributions from the compression zone and
friction was given previously in equation {7.6) within the constraints listed in Section

7.1.2.2, page 198.

V, =05 f,-b-kd+05 f, ~b-(d—kd)[1-§_"i’_]

=7, :O.S-{/f_'c-bd{kﬂlﬁk)(lm’f—wﬂ

((7.6) Repeated)

W

Iy

Using an n-fold cross validation, the proposed model can objectively be com-
pared to other proposals outlined in Chapter 3, and evaluated in Chapter 4. The pro-
cedure of the n-fold cross validation was described in Section 4.1.1. The individual
results for each calibrated member configuration are provided in the respective sec-
tions of the Appendix and on the accompanying data CD in the respective work-
sheets. Table 7-3 summarizes the evaluation in terms of the ratio of measured to cal-

culated strength, ¥4/ V. u, and the respective coefficient of variation (C. V).

The performance of the proposed model on the deep beam database was com-
pared to the proposal by Watanabe (Watanabe and Ichinose 1991), considering the
modifications in {Watanabe and Kabeyasawa 1998). The proposed model revealed
less scatter, and less conservatism with respect to the calculated shear capacity of
deep beams. Nevertheless, the proposed method provided safe estimates of the shear

strength of deep beams.
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The performance of the proposed model on the database of slender members
without transverse reinforcement showed slightly less scatter compared to the ap-
proach proposed by Reineck (Reineck 1990, 1991b), and a significantly smaller coef-
ficient of variation than the Watanabe-model. Contrary to the results for deep beams,
the model put forward by Watanabe was the least conservative with a ratio of meas-
ured to calculated shear strength of 1.08 + 0.42 % within a 95 % confidence region.
The mode! proposed by Reineck had the highest ratio of measured to calculated shear
strength of 1.55 + 0.46 % within a 95 % confidence interval; the model in this work

gave a conservative estimate of Voo Ve = 1.36 £ 0.33 % within a 95 % confidence

region.
Researcher Vines! Vet V.,
Deep beams | Proposed model 111+ 0.80% | 22.97 %
Watanabe 1.52£0.94% | 2934 %
{Watanabe and Ichinose 1991;
Watanabe and Kabeyasawa 1998)
Slender Proposed model 1.36£033% | 28.58%
beams
Watanabe 1.08 £0.42 % | 34.59 %
(Watanabe and Ichinose 1991;
Watanabe and Kabeyasawa 1998)
Reineck 1.55+£046% 12743 %
| (Reineck 1990, 1991b)

Table 7-3 Evaluation of deep and slender members without web reinforcement
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7.4.2 Members with web reinforcement

The introduction of an additional term for truss action makes the proposed
model applicable to various member configurations with web reinforcement. The
general form of the shear capacity of members with web reinforcement was given in

equation (5.1):
V.=V +V +V, {((5.1) Repeated)
The contribution from the truss-mechanism, ¥, was applied according to Sec-

tions 5.2.2 and 7.2, with the modifications necessary for the application of truss-

action in deep members described in Section 7.2.1.
According to these sections, the strength of the truss is given in its general
form by equation (5.23):

V.=p,t,bjd cotg ((5.23) Repeated)

The inclination of the compression field, ¢, was assumed equal to 30 degrees.

In deep members, the inclination of the compression field was limited to en-
sure equilibrium within the compression field. For the vertical truss mechanism, this
limit was set by equation (7.10); a possible horizontal truss mechanism in deep beams
and walls was assumed to have a limited compression field inclination defined by

equation (7.12).

o
th = — 7.10) Repeated
cot ¢ > ((7.10) Repeated)
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i |
coty = }f’— ((7.12) Repeated)

The strength of the horizontal truss was provided in equation (7.13):

Vi =p,J,0-d-tany ((7.13) Repeated)

To reduce the demand on the nodal zone due to stresses related to the arch
mechanism in the presence of truss-induced stresses, a reduction factor R, was ap-
plied to the arch component. The general form of R, was given in (7.23); the reduced

capacity of the arch mechanism was defined in equation (7.24):

. (BS ' L )BS 1) ((7.23) Repeated)

’ (B.f.Y = fuf,

V.=RpBkf' w-b-sind ((7.24) Repeated)

The transition function related 1o the arch mechanism, k,, was calibrated as

4.6

= - ((7.27) Repeated)
" 6.5+0.13(a/d)

The calibration of the proposed model on the database of slender and deep members
with web reinforcement yielded the parameters listed in Section 7.2.3 on page 220.
The strength of the combined contributions from the compression zone and friction

components was given in equation (7.26):
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V.04, -b-kd+04-f, -b-(d—-kd)(l—z%}

((7.26) Repeated)

<=V, =0-4-%/}chd[k+(1mk)(1_§_wﬂ

W

U

The transition function for the compression zone and friction components was cali-

1

brated as

1

N —5 20 ((7.28) Repeated)
0.1+0‘01(a,fd)

k=1

Similar to the capacity of web reinforced deep beams the capacity of walls was calcu-

lated 1n Section 7.2.5.2.

The calibrated proposed model was compared to other proposed models in an
n-fold cross validation. Table 7-4 summarizes the results from this evaluation. With
the exception of the application to walls, the proposed model showed smaller scatter
than the approach put forward by Watanabe (Watanabe and Ichinose 1991; Watanabe
and Kabeyasawa 1998j. Applied to the databases for deep and for slender members,
the proposed model gave a more conservative estimate with ratios of Ve Voo = 1.20
+ 0.24 %, and Ve Vewr = 1.14 £ 0.20 %, respectively. This can be attributed to the
calibration. One objective of the calibration of the proposed method was to provide a
safe assumption of shear strength. Considering the higher amount of scatter in the
model proposed by Watanabe, the low ratios of measured to calculated strength re-
sulted in a significant number of members of which the strength was considerably

overestimated.
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This is especially true for the application of the approach proposed by Wata-
nabe to walls. Even though the coefficient of variation is lower than for the method
proposed in this work, the low value of Ve Voo resulted in a significant number of

unsafe estimates of the shear strength of walls.

Researcher Vines' Vear CV.
Deep beams | Proposed model 1.20+0.24 % | 12.98 %
Watanabe 1.04£031% | 20.81 %

(Watanabe and Ichinose 1991;
Watanabe and Kabeyasawa 1998)

Slender . | Proposed model L14+£020% | 14.67 %
beams

Watanabe 1.08 £0.56% | 24.36 %

(Watanabe and Ichinose 1991;
Watanabe and Kabeyasawa 1998)

Walls Proposed model 1.28+0.76 % | 36.63 %
Watanabe 0.93+043% | 32.38%
(Watanabe and Ichinose 1991;
Watanabe and Kabeyasawa 1998) J

Table 7-4 Evaluation of deep members, slender members, and walls with web reinforcement

It can be concluded that, compared to the models put forward by Watanabe
and by Reineck, the proposed model generally resulted in safe estimates of the mono-
tonic shear strength with relatively small coefficients of variation. Independent of the
performance with respect to the shear strength, the performance with respect to influ-
encing parameters has to be considered. This was described in detail in the chapter
about the evaluation of current proposals, and the calibration of the method proposed

in the work at hand.
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7.5 Possible simplifications

In the previous sections, it was shown that the contributing components gave a
good performance on the available data sets. However, while the forms for truss ac-
tion, arch-action, and contribution of the uncracked compression zone are relatively
simple to use, it can be argued that the friction component is very complex compared
to the other components. In the following, suggestions are made to simplify the calcu-

lations.

7.5.1 Strain calculations for the friction component

One simplification was already used in the calculation of the ¥V term for
members without axial load. The strain in the tensile reinforcement, and therefore the
horizontal crack opening, was calculated from linear flexural analysis by equation
(5.49). The previously described calibrations were carried out using this simplified
approach. It was pointed out that for axially loaded members the strain has to be cal-
culated according to eq. (5.48) to account for the effect of axial load on the strain in

the tensile reinforcement,

Using the simplified form for the calculation of strains leads to another possi-
ble simplification. If the strain in the tensile reinforcement is calculated from linear
bending theory, it is assumed that the frictional forces do not affect the strains, which
is equivalent to assuming the crack is not inclined. If the crack runs perpendicular to

the member axis, frictional forces V7 act parallel to the crack, thus reducing the lever
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arm to zero. The assumption of a perpendicular crack can be used to simplify the fric-

tion model further by simplifying the crack width calculation.

7.5.2 Crack width

The crack width Aw was calculated in Chapter 5.2.3.2 by geometric considera-
tions in an inclined crack. The crack opening perpendicular to the crack surface was
related to a critical slip As parallel to the surface, which made it possible to account
for friction between the crack surfaces. This approach can be numerically simplified
by assuming a crack normal to the member axis. It should be noted, though, that this
1s an assumption leading to a numerical simplification. Eliminating the critical slip
from the Vyterm, means eliminating the frictional stresses along the crack. A crack
normal to the member axis cannot develop a contribution to shear resistance without
displacement in the same direction. Furthermore, the rotation of the crack opening
induces a vertical displacement. To simplify the design process, however, the as-
sumption is made that the crack is not inclined.

The assumed geometry is depicted in Figure 7-36. For an assumed crack in-

ch‘nati‘on of ¢, =90", equation (5.43) becomes
Aw = Au (7.33)
with tan g —» o, and sin ¢=1
The crack width therefore becomes, with eq. (5.44):

Aw=05-¢ -5, (7.34)
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The strain in the tensile reinforcement is given in its simplified form from linear

bending theory by equation (5.49).

........... Au=0.5 Aug

w—
“‘

f—
— -

Figure 7-36 Kinematics in an assumed crack with no inclination
Using equation (7.34), the contribution from friction can be calculated as
shown in Chapter 5.2.3.2 for members with or without web reinforcement by equa-

tions (5.51) and (5.52), respectively.
Because only changes were made to the calculation of the crack width, only

parameters related to the crack width should be changed in the evaluation of the pro-

posed simplification. The only parameter directly related to the crack width is the

critical crack width Aw,,.

The database mostly related to the calibration of the friction component is the
database for deep and slender beams without web reinforcement. A new critical crack
width for the simplified approach is found for this database. The established value is

expected to give good results also on members with transverse reinforcement.
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The calibration on the previously used database for deep and slender members

yielded a critical crack width of

Aw, =0.2 mm (7.35)

It is clear that this is a numerical value with little physical relevance for the reasons
described above. Computing the ratio of measured to calculated shear strength for
deep and slender members without transverse reinforcement using the simplified ap-

proach yielded a mean value of ¥V, /V_, =1.35+0.34% within a 95 percent confi-

mes

dence interval. The standard deviation for all 448 members was found as 0.39 result-
ing in a coefficient of variation of 28.65 %. These values indicated only slightly more

scatter than found for the same database using the “exact” equations.

Similar results were found using the simplified ¥ term on the previously used
database for deep and slender members with web reinforcement. Using the estab-
lished parameters, while changing only the caicuiation.of the crack width and setting
the limit value to Aw, = 0.2 mm, the mean value of measured to calculated strength

was found to be ¥V /¥ _ =1.16£0.18% within a 95 % confidence region. The stan-

mes cal
dard deviation was 0.16, resulting in a coefficient of variation of 14.24 %. Values

found using the detailed calculation of the crack width were approximately equal to

the values using the simplified calculations.
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8 Cyclic loading

Columns subjected to cyclic loading can either fail in a mode related to decay
of the flexural strength, or due to loss of shear-capacity. Consequently, the possible

modes of failure have to be treated using separate procedures.

If the behavior of a column is mainly controlled by flexure, the column is as-
sumed to have reached its limiting capacity at the displacement in which the lateral
load is reduced to 80 percent of the maximum applied lateral force. In flexure-
controlled members, the maximum lateral load is limited by yielding of the longitudi-
nal reinforcement. An envelope curve for the load — deflection response can be de-

fined as shown by the bold line in Figure 8-1.

For columns Witﬁ failures related to shear, a 20 percent reduction in shear
strength is not the limiting criterion. In the following, it is assumed that a column
looses its shear strength if the transverse reinforcement yields. The dashed envelope
curve in Figure 8-1 represents the degression of shear strength with increasing dis-
placement under cyclic load. The design objective is that the shear-failure line should

not transgress the envelope curve for flexural failure, ensuring a ductile failure mode.

Different parameters influence the reduction in strength due to cyclic loading.
These parameters will be discussed in the following sections on flexural failure and

shear failure.
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Figure 8-1 Envelope carves for different failure modes under cyclic loading

8.1 Strength degradation in flexure-controlled members

The strength degradation of flexure controiled members has been investigated
on a subset of 116 columns from a combined database provided by the University of
Washington (UW) (Berry et al. 2003), and by Brachmann (Brachmann 2002). As
stated in the UW database, these columns reportedly failed due to flexure. Column
properties and calculation results are summarized in Appendix A6 and in the work-

sheet “Seismic flexural failure” on the accompanying data CD.
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8.1.1 Flexural yield load of members with axial loads below balanced

load

The flexural capacity of a member can be computed from flexural analysis of
the columns as the flexural yield load. Since the column is under axial compression,
the neutral axis depth has to be determined from equilibrium conditions within the

member, according to Figure 8-2.

Asi A2 AS.? Asq
S © B
i ' ? i
{ I I [
b

! ; |
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i
|
|
|

& = 0.003

FYW W FrYwww:'w .
af .

Figure 8-2 Equilibrium conditions and strain distribution in a column

The strain of the longitudinal reinforcement is computed from similar trian-

gles with an (for evaluation purposes) unknown neutral axis depth ¢. The stress in the
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reinforcement is then calculated by f, =¢,E, . Since no information regarding the

modulus of elasticity, F,, was provided in the databases, it was assumed for all
specimens E; = 200,000 MPa. The corresponding forces are found from the provided
arca of steel. Equilibrium of forces including the axial load P is then used to find the
neutral axis depth iteratively. For design purposes, a neutral axis depth is chosen, giv-
ing the required moment — axial load interaction. Taking equilibrium of moments
about the center of the cross section gives the flexural design moment M,. The lateral

load related to flexural yielding is found from

:A_/‘f_i.‘. ' (8.1)

yoflex

where a = shear span of the column

The flexural yield load determined for the members of the database is plotted
against the measured flexural yield load in Figure 8-3. The mean value of measured
to calculated strength is 1.08+0.39% within a 95 % confidence region. The coeffi-
cient of variation of the calculated strength ratio 1s 14.48 % with a standard deviation

of 0.16.

Using the flexural yield load and the drift ratio at yield, 6, =A /a, a dimen-

sionless ratio m can be defined for the strength degradation due to cyclic loading. The
flexural degradation ratio m is taken as the ratio of strength degradation to the corre-

sponding change in the displacement:
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(Vy,ﬂex 0.8V, e ) / “Vy,ﬁex

A, ja
0.2
= y
Aja
with
Aa‘ = A.u,ﬂex - Ay,ﬂex
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Figure 8-3 Measured versus calculated flexural yield load for columns under cyclic shear
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8.1.2 Flexural strength degradation

The strength degradation in flexural members is assumed dependent on five

dimensionless parameters:

1)

2)

3)

4)

3)

The aspect ratio a/d: Intuitively, it is expected that the strength of
stocky members degrades at a faster rate with respect to displace-

ment than the strength of slender members.

The ratio of gross area to core area of the cross section: A relatively
larger confined area is expected to sustain larger displacements

without significant loss in strength than relatively small cores.

The confinement ratio, taken as the effective yield stress in the web
reinforcement divided by the compressive strength of concrete,

Pty / J'. . Low values for p.f,, are expected to yield a larger
slope m, that is, a smaller limiting drift ratio.

The ratio of flexural to shear strength: A low ratio means the mem-
ber is flexure-controlled, allowing for a larger limiting drift ratio.
The axial load level P/ (Ag I 'C): Large compressive axial stresses

are known to reduce the ductility of RC members (Legeron and

Paultre 2000).
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The flexural degradation ratio m can be used to determine a combination of
the previously listed parameters for a chosen limiting drift ratio Ay gex. Alternatively,

taking the given conditions, a limiting drift ratio can be calculated.

It 1s necessary to realize that an exact estimate of the limiting drift ratio, and
therefore an accurate estimate of the degradation ratio m in seismic design, is difficult
to obtain given the uncertainty of parameters that control the behavior. Nevertheless,
in the following, it is attempted to give a safe assumption based on the provided data-
base with an emphasis Von safety in a reasonable amount of scatter. This can provide

good insight on how strength degradation is affected by the parameters listed above.

Since none of the parameters could be extracted exclusively from the given
database, a feed{orward neural network was trained .on values for m caleulated from
measured values by eq. (8.2) with measured input values provided by the database.
The neural network was trained using 104 training data sets and 12 validation data
sets, representing approximately ten percent of the available data. It consisted of one
hidden layer with three neurons with an activation function of sigmoid type (Wolfram

2002):

1
1+e™”

fn)= (8.4)

None of the five input parameters was fixed. A schematic illustration of the
used network is shown in Figure 8-4. The values X; on the left of the figure represent
the previously described input parameters. Each parameter, plus a unity bias parame-

ter (“17), is an input value of the hidden neurons, symbolized by Za. The used net-
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work had one hidden layer that consisted of three neurons. Each neuron performs a

weighted summation of the inputs following equation (8.5).
~ 3 5
WO =g(B,x) =) wio| D W x,+b), |+b’ (8.5)
i= =

The weights w; and b, arc represented by the arrows from the input parameters to the
hidden neurons in Figure 8-4. The inner summation in equation (8.5) is performed on
the input parameters, which in the examined case are five; the outer summation is
performed on the three hidden neurons. The output of the trained network is per-
formed in an output layer as another weighted summation of the outputs of the re-

spective neurons (Wolfram 2002).

Figure 8-4 Feedforward neural network {(FF network) with five input parameters and one hid-

den layer including three neurons
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Using the resulting output function, each one of the five parameters could be
varted and plotted against m, while the other parameters were fixed at values repre-
sentative of the database (for example, a/d = 4, P/(A4yf";) = 0.2). This could be used to
give a reasonable assumption about the form of the function relating the considered

parameter to the degradation ratio.

Figure 8-5 and Figure 8-6 show the functions of the input parameters as de-
rived from the trained neural network plotted against the degradation ratio. The
graphs in Figure 8-5 indicate that the amount of axial load had a very distinct influ-
ence on the relation between strength degradation and the ratio of flexural to shear

strength at low Ve Vieq ratios.
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Figure 8-5 Degradation ratio with respect to strength ratio for various axial loads
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Figure 8-6 Degradation ratic m versus input parameters as calculated by the neural network

Using the exact resulting forms o

f the respective functions would be too tedi-

ous to calculate in relation to the accuracy of the complete estimate of m. Therefore,

the functions were further simplified to mostly linear equations. The calculated flex-

ural degradation ratio was then taken as the product of the considered parameters.

Mg = C My WV

with C' = constant, and:

m confirienent

(8.6)

mslf‘eng.rhmrfo “Mp A-f)
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3 a
Mg =%+ 30—

d
A&’
= + —_—
Mttty = %2 T2 y,
ore
Pty
mcanﬁnemem :x3 + 3 ' (87)
I

ni.\'trengz‘hmriﬁ = V Wiy
v, flex
Mtz /
I/;hear

My ooy = Xg + Py o e
(A7) 5 Agf[c

The calibration of the variables{x, ¥, w}j on measured values of the database yielded

the following functions:

C=0.43

m,, =10+< =k

Ag
My 14 = 0.5+005——=k,

ore

Pt

mconﬁnement = 5 - 28 _Ti = k3 (88)

2.5
m.s‘lrenglhralio = V 0.6 = k4

- yoflex
3 " 22( %}mar J
P
Mpapy =1+ 60— =k
A1

The values k; denominate the respective multiplier in Figure 8-8 through Figure 8-12.
As mentioned earlier, emphasis was put on a conservative estimate of the degradation

ratio m. Using the parameters listed above to calculate m according to eq. (8.6)

285



yielded an average value of m,, /m,, =1.45+1.24% . The standard deviation was

ey

found to be 0.62 with a coefficient of variation of 42.5 %. Figure 8-7 shows a graph
of measured against calculated values for m. While the scatter is expectedly large, the
trend is towards an increasingly conservative estimate for larger m values, i.e. for val-
ues representing a greater strength degradation. This was one of the objectives of the

calibration to ensure safe estimates for increasingly sensitive members.

Figure 8-8 through Figure 8-12 show graphs of the degradation ratio m,,., de-
termined from test results plotted against the confributing parameters in .. The
“measured” flexural degradation ratio was normalized by the calculated multipliers
for all remaining parameters m;. For example, in the plot of the degradation ratio
against the aspect ratio, m,, was normalized to all multipliers of ., except for the
parameter related to the aspect ratio, m,. These plots were used to determine whether
the assumed trends, i.e. the influence of the respective parameters, behaved as ex-
pected, or if further adjustments were necessary. The graphs.were plotted to the scale
of the largest normalized m. This scale does not necessarily represent the actual calcu-
lated value for m, normalizing with respect to values smaller than one will increase
the scale. Plotting to the same scale can give an indication of the influence of the ex-
amined parameter. The shear span was designated L instead of ¢ in the figures to dis-

tinguish them from the several variables.

The normalized flexural degradation ratio was plotted against the aspect ratio

in Figure 8-8. As can be seen for the range of the columns in the data set, the aspect
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ratio did not influence the strength degradation as was previously assumed. There-

fore, the multiplier m,; was set equal to one for the subsequent calculations.

In addition, the ratio of gross area to core area, displayed in Figure 8-9, did
not have a significant efféct on the strength degradation of the examined specimens.
This confirms findings by Brachmann (Brachmann 2002). It follows, that also the
multiplier related to the ratio of gross to core area will be set equal to one in the fol-

lowing calculations.

The normalized degradation ratio was plotted against the ratio of effective
tensile strength of transverse reinforcement to concrete strength in Figure 8-10. The
existing form was kept, even though the solid trend line indicates that adopting a
similar equation for Mcongnement ANNd Mypenginrano Would give results that are more accu-
rate. This had three reasons: First, the existing form is simple. Second, the distinct
curvature in the trend line resulted from three specimens with p,f,,/f". < 0.3. Looking
at the remaining 114 specimens, a conservative linear curve can give a reasonable es-
timate on the relation between m and pyf,,/f’., which is shown by the dashed trend
line. Third, a linear form reflects the results from the neural network, shown in Figure

8-6.

Figure 8-11 shows the degradation ratio plotted against the ratio of calculated
flexural strength to shear strength. It is apparent that, if compared to the influence of

other parameters, the strength ratio did not have a considerable effect on the strength
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degradation for the examined columns. Thus, the multiplier Msyengmrano Will be set to

unity in a new calibration of the degradation ratio m.

A distinct influence of the axial load level on strength degradation can be seen
in Figure 8-12. Even though the scatter is naturally high, it is apparent that an in-
crease in axial load accelerates strength degradation on cyclically loaded members.

The form of the function seemed to give a reasonable simplification of the curve plot-

ted in Figure 8-7.

After this evaluation of the considered parameters, the degradation ratio was
calculated again with a new calibration of the two remaining parameters, #eonfmement,
and mp .. . The form of the functions as linear approximations was kept. Since only
linear approximation functions were used, the scaling constant C could be set to

unity, and the coefficients in the two parameters were used to scale the degradation

ratio m, given by the product of the two parameters. Following the new calibration,

equations (8.8) become:

=1
M,y =1=k
mAg ',Acnm = 1 = k2
M onfinement = 3-10 pW{;"J’ = k} (89)
m,s‘lrengrhrun'o =1= ktl
P

Mgy =125 +54——— =k,

4.1,
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Figure 8-13 shows a plot of the measured against the calculated degradation
ratio after elimination of the insigmificant parameters. Apparently, scatter became
more significant, and the calculated degradation ratio gave a very conservative esti-
mate of the calculated ratio. This is a natural effect of decreasing the number of con-
tributing parameters. The mean value of measured to calculated degradation ratic was
1.67+£1.71%; the standard deviation was 0.93, resulting in a coefficient of va.riafion

of 55.6 percent.

It can be concluded that even if egs. (8.6) and (8.9) did not give a very accu-
rate estimate on flexural strength degradation, they gave a safe assumption consider-

ing important influence factors in a confirmed form.
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Figure 8-7 Measured versus calculated flexural degradation ratio
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Figure 8-12 Normalized degradation ratio versus axial load level
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8.2 Strength degradation in shear-controlled members

The degradation of shear strength under cyclic lateral load can be described as
a function defined by the initial static shear strength of the member (i.e. with no dis-
placement)} and the shear force causing yielding of the transverse reinforcement in
relation to the drift reached at yielding of the web reinforcement. This was indicated
by the dashed line in Figure 8-1. Generally, the design goal is to avoid a brittle shear
failure by keeping the initial shear strength well above the flexural yield strength of
the member. If, however, the degradation of shear strength with cyclic loading occurs
at a higher rate than the degradation of flexural strength, the two failure lines can
transgress, making the ultimate failure envelope for the member a combination of the
two modes, with the risk of brittle failure in the shear-controlled range. It is therefore

important to have a safe estimate for both failure modes.

The initial shear strength is given by the combination of arch-action, truss-
action, and the components related to the compression zone of the member and fric-
tion. Under cyclic loading, only the first three components contribute to the degrading
shear capacity. The contribution from friction as a load-carrying mechanism under
cyclic load is neglected, because the load reversals are assumed to destroy the crack
surfaces increasingly as cycling progresses, and because the tensile stresses in the re-
inforcement are significantly high. This degradation mechanism of crack surfaces is
not controllable. It is therefore a safe assumption to neglect any contribution from
friction for the cyclic load case. A detailed investigation on the friction mechanism

under repeated loading was made by Walraven (Walraven 1986; Walraven et al.

297



1987). With progressing cycling, the contributions from arch-action and concrete in
compression decrease, because the initially uncracked compression zone is repeatedly
cracked and closed again. Each time the crack is opened wider aggregate particles
break off the surface and stay within the crack, thus creating increasingly diverse
crack surfaces that do not match upon closing of the crack within the next load cycle.
As strength degradation of the arch- and concrete mechanisms progresses, an in-
creased demand is shifted on the truss mechanism at the same rate as the capacity de-
creases. The increased demand on the truss causes faster strength degradation after

the loss of arch and compression zone contributions.

Shear failure in the following is defined as the onset of yielding of the trans-
verse reinforcement. Few data is available about the strength degradation process re-
lated to shear strength. Of the 38 members in the collected database that reportedly
failed in shear, detailed information about strain in the transverse reinforcement is
available for only 20 members (Ichinose et al. 2001; Matamoros 1999; Wight and

Sézen 1973). This study will focus on these members.

Even though only limited data with respect to member behavior and the state
of stresses and strains within the member is available, the tests by Ichinose give valu-
able insight in the previously described failure mechanisms. Seven of his eight tests
provide useful data to evaluate the degradation process; data provided for one test
(specimen D16N) does not show a strain — displacement curve that can be evaluated.

Four tests failed in shear after flexural yielding without reaching the yield strain.
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Ichinose relates these shear failures to increased axial strains “due to accumulations

of residual strain in the longitudinal bars” (Ichinose et al. 2001).

The tests were conducted on eight cantilever columns with an aspect ratio of
ald = 1.93. Tested columns had a cross section of 250 x 250 mm, the force was ap-
plied at a distance of 450 mm. Measured yield strength of the transverse reinforce-
ment with 9 mm diameter was 319 MPa. The yield strength of the tensile reinforce-
ment ranged from 377 MPa to 391 MPa, two specimens (P22) with £, = 1080 MPa
were tested, The concrete compressive strength was measured at an average of 28.74
MPa. Details on the test procedure and specimens are provided in (Ichinose et al.
2001). The maximum strain in the transverse reinforcement was measured at a dis-
tance x = 160 mm from the support. Additional strain measurements were taken at x =
80 mm and x = 240 mm. However, these strains were smaller than the strains meas-

ured at x = 160 mm.

Figure 8-14 shows the strain — deflection diagram for specimen D198, which
will be used as an example for the discussion of strength degradation. Specimen
D19S was reinforced with inner and outer ties. The solid black line in Figure 8-14
represents the behavior of the inner ties; the dashed black line shows the behavior of
the outer ties, which developed smaller strains and did not yield. The bold grey line
represents the calculated yield strain of &, = 0.0016. The strain — deflection diagram
shows how the demand on the stirrups increased up to a strain of &, = 0.0014 at a
positive deflection of A, = 9.3 mm. Yield strain was not reached so far. This point is

assumed to represent the maximum increase of demand on the truss. If it is assamed
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that with progressive cycling the arch and compression zone contributions decrease,
the loss of their contributions is an increasing demand on the truss component. At the
deflection of A, = 9.3 mm, the arch and concrete components have degraded to zero
contribution, while the demand on the truss mechanism has increased at the same
rate. A relationship will be defined later to describe the decay of arch and concrete

componenis.
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deflection [mm}

Figure 8-14 Strains in transverse reinforcement, Ichinose specimen D198 (Ichinose et al. 2001)

After reaching a first peak at A, = 9.3 mm, the strain in the ties of specimen
D198 decreased under positive deflections. Yielding was first reached under negative
deflections, then, with progressing loss of strength, was also reached under positive
deflections. Strength degradation of the truss mechanism is even more visible for the

outer ties, printed in a dashed line. Because the calculated yield strains were not




markedly exceeded, further strength degradation of the truss mechanism is also visi-
ble after the peak strain was reached on the negative deflection side. This can also be

related to yielding within the same loading cycle in the positive direction.

Figure 8-15 through Figure 8-21 show the deflection - strain diagrams for the
other tests conducted by Ichinose (Ichinose et al. 2001). A degradation of the truss
mechanism is not only indicated by the decreasing strains at increasing deflections
after contributions from ¥V, and V., have vamished, but is also clearly visible in each
load-cycle. Before the loss of arch and compression zone components, the strain at
the peak of each cycle increases at a slower rate with increasing deflections, or, for
some specimens does not increase at all. The fact that the strain curves become n-
creasingly horizontal before ¥, and V., have vanished is taken as an indicator that the
demand on the truss mechanism was increasing, therefore also increasingly weaken-

ing the truss.
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Figure 8-15 Strains in fransverse reinforcement, Ichinose specimen D16N (Ichinose et al. 2001)
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Figure 8-16 Strains in transverse reinforcement, Ichinose specimen D168 (Ichinose et al. 2001)
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Figure 8-17 Strains in transverse reinforcement, Ichinose specimen D19N (Ichinose et al 2001)
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Figure 8-18 Strains in transverse reinforcement, Ichinose specimen D22N (Ichinose et al. 2001)
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Figure 8-21 Strains in transverse reinforcement, Ichinose specimen P228 (Ichinose et al. 2001)

The calculated contributions of arch-action, compression zone, and truss-
action of all members considered in the evaluation are compared in Table 8-1 to the
measured yield strengths and maximum shear capacities (Ichinose et al. 2001; Mata-
moros 1999; Wight and Sozen 1973). For all specimens except for two columns
tested by Wight and S6zen, and members in the Ichinose test series, the calculated
capacity of the truss was higher than the measured strength at yielding of the trans-
verse reinforcement, V), Four of the specimens tested by Ichinose did not reach yield-
ing of the transverse reinforcement, specimens D228 and P22S had larger measured
than calculated capacities at yielding of the web reinforcement. It is apparent from the
resuits in Table 8-1 that even with the components for compression zone and arch ac-
tion fully degraded, i.e. V., + V, = 0, also the truss component must have degraded to

the smaller measured load at yielding of the stirrups.
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SPeCimEH VetVa Vi V}r (V;;;-— Veed)/'Vi Vinax
[kN] | [kN] | [kN] ] [kN]
No. |
Wight & Sozen  40.067E 15.6 1242 02.0 0.61 922
No.
Wight & Sozen  40.067W | 159 1242 95.0 (.64 91.8
No.
Wight & Sozen  25.033E 15.3 64.2 81.0 1.02 84.9
No.
Wight & Sozen  25.033W | 15.3 64.2 93.0 121. 90.3
Matamoros et al.  C5-20N 21.3 178.7 45.0 0.13 72.5
C10-
Matamoros et al. 05N 15.0 197.6 57.0 0.21 70.3
Matamoros et al. C5-208 222 176.1 49.0 0.15 72.5
C10-
Matamoros et al. 10N 16.9 247.6 77.0 0.24 95.6
Matamorosetal. C5-40N 349 202.0 69.0 0.17 84.5
Matamoros et al. C5-408 349 | 1998 69.0 0.17 84.5
Cl10-
Matamoros et al. 20N 34.5 2183 73.0 0.18 107.6
Matamoros et al. C10-208 | 29.5 221.4 73.0 0.20 103.6
Ichinose et al. D168 212 211.6 n/a n/a 140.0
Tchinose et al. D19S 212 200.0 | 155.0 0.64 191.0
Ichinose et al. DI19N 21.2 209.0 n/a n/a 196.0
Ichinose et al, D228 21.2 2057 | 251.0 1.12 254.0
Ichinose et al. D22N 21.2 205.7 n/a n/a 252.0
Ichinose et al. P22S 21.2 180.3 | 273.0 1.40 309.0
| Ichinose et al. P22N 21.2 | 180.3 n/a n/a 290.0

Table 8-1 Measured and calculated shear strength components

The ratio of the difference between yield strength and V4, 1s plotted against
the drift ratio at yielding of the transverse reinforcement in Figure 8-22. It is clear
that, for the specimens considered, the truss mechanism degraded with increasing
drift. The capacity of the truss at yielding of the stirrups was considerably lower than

the initial strength of the truss for all members, except for specimens 25.033E, and
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25.033W tested by Wight and Sozen (Wight and S6zen 1973); and specimens D228S,

and P22S from the test series by Ichinose et al. (Ichinose et al. 2001).

Figure 8-23 shows a similar graph for the ratio of the difference between yield
strength and V.., plotted against the axial load. Even though the trend for the degra-
dation of the truss mechanism with increasing axial load is not as apparent as the
trend related to drift, an increasing degradation of the truss with increasing axial loads
can be noticed. The function for degradation of the truss mechanism will be derived
later as a function of the drift ratio at yielding of the transverse reinforcement, and of

the axial load.
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Figure 8-22 Ratio of measured truss strength at yielding of the transverse reinforcement to initial

strength of the truss versus drift ratio at yielding
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Figure 8-23 Ratio of measured truss strength at yielding of the transverse reinforcement to initial

strength of the truss versus axial load level

Table 8-2 lists displacements, strains, and stresses at the first peak strains be-
fore yielding, ie. the point at . which V.4, = 0, for all specimens tested by Ichinose
(Ichinose et al. 2001). The stresses in the stirrups, f;, were below the yield strength of
319 MPa. Resulting from the stresses in the stirrups, the stresses in the inclined com-
pression field of the truss were calculated. As shown in the last column of Table 8-2,
these were approximately one quarter of the compressive strength of concrete. This
was taken as an indication that the degradation of truss action was not related to ex-

cessive stresses in the compression field.
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Specimen| &, = AJa e | filgae) | fdand) | flendf:
x 10° | [MPa] | [MPa]
D168 2.4% | 1390 | 278.0 | 6.84 0.24
D198 2.8% | 1474 | 2948 | 725 0.25
DION | 24% | 1056 | 211.2 | 5.19 0.18
D228 1.2% | 1560 | 3120 | 7.67 027
D2N | 1.7% | 1477 | 2954 | 726 0.25
P22S 2.0% | 1540 | 308.0 | 7.57 0.26
P22N 1.6% | 1581 | 3162 | 7.77 0.27

Table 8-2 Properties at loss of arch and compression zone contributions for specimens tested by

Ichinose (Ichinose et al. 2001)
To describe the strength degradation of the contributing compoenents, a gen-

eral model of the following form was adopted:
Vo =(1=n) (Ve Vo) + 2, (8.10)

In which 7 and y are degradation functions for the respective component.

V, was defined as the capacity of the members at yielding of the transverse rein-

forcement, V.

Because only very limited data was available to establish the respective deg-

radation functions, two assumptions were necessary:

1) The function 7 for the degradation of the compression zone and arch compo-
nents was calibrated on the 7, terms calculated for the specimens tested by
Ichinose. These members lie in the transition zone between stocky and slender

members with @/d = 1.93. According to the previously derived transition func-
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2)

tion for the static load case, k., the compression zoﬁe contribution is negligible
in these members compared to the contribution from the arch component.
Nevertheless, it was assumed that the strength degradation for both compo-
nents behaves similar in the transition zone. Therefore, it was assumed that, in
the transition zone between stocky and slender members, the degradation of
the compression zone component could be modeled by the degradation of the

arch component. The degradation 7 is taken as a linear function of the drift ra-

10 &, and a function of the confinement, p,/.y/f ..

If the compression zone component is derived as a linear function of the dis-
placement A, taken as the displacement at the first peak in strains from the
Ichinose test series, the degraded compression zone component could be cal-
culated for other test specimens at the drift related to yielding of the transverse
reinforcement. This was used to establish the degradation of the truss m slen-
der members by subtracting the reduced V.., component from the strength at
maximum displacement and reducing the truss component accordingly (eq.
(8.11)). The degradation of the truss, y, was taken as a function of the axial

load and the drift ratio at yielding of the transverse reinforcement.

v —(1-n)V.
=t = (V e (8.11)
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8.2.1 Degradation of the compression zone contribution

According to the previous assumptions, the degradation of the compression
zone could be modeled as the degradation of the arch component within the transition
zone from stocky to slender members. If a relationship could be found that described
the strength degradation of arch and concrete components, and this degradation was
linear, it would also be applicable to determine the strength degradation up to the
vield deflection of the transverse reinforcement. For the members from the Ichinose
test series the strength degradation was known. The shear strength component 7, de-
graded to zero at a drift ratié of & = AJa, where A, is the displacement at the first
peak strain in the stirrups before yielding and ¢ is the shear span. The function de-
scribing the strength deéfadation, 7, was calibrated on the displacements related to
the peak strain before yielding from the tests conducted by Ichinose. Its general form

was taken as

- x-&
Poto /[ty

(8.12)
where x, v = variables depending on the calibration

Pulwy = effective yield strength of the transverse reinforcement

[’ = compressive strength of concrete

o= drift ratio

With the shear strength at the first peak before yielding of the stirrups known to be

Vs, 17 can be determined by



(1 - ]?)V;+a = Vc+a,reduced

(8.13)
< 77 :1 fOI’ 5 = 55 = Ac /Cl Elnd I/r:-i—a’,j*‘eeiﬁ.rced’ = 0
The calibration on the seven tests by Ichinose yielded
y= g‘f (8.14)
(/wawy/f c')+ 001

Equation (8.14) implements that the degradation is larger for small confinement ra-
tios, and that the combined contributions from compression zone and arch action de-
grade at a fast rate, if no confinement is provided. For simplicity, the added term in
the denominator of eq. (8.14) can be neglected. However, in this case, arch action and
compression zone would not contribute to shear strength under cyclic loading, if no

confinement is provided.
This function for 7 provided a safe assumption for condition (8.13) with a
mean value of 7 =1.07+4.3% within a 95 % confidence interval. The standard

variation was expectedly high for a small data set at 0.3; the coefficient of variation

was 28.1 %.

Figure 8-24 shows a plot of n with versus the confinement ratio and the drift
ratio for the range of input data considered in the Ichinose tests. The form of equation
(8.13) sets a limit of # = 1, which defines when the contributions from compression
zone and arch action are fully degraded. The degradation function for the compres-

sion zone increases with increasing drift ratios, reducing the compression zone com-
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ponent; 77 1s very large at a theoretical confinement ratio of zero and decreases with

increasing confinement ratios, diminishing the reduction.

Figure 8-24 Strength degradation function for the compression Zone component, 77

The degradation of arch and compression zone is plotted against the confine-
ment ratio for varying drift ratios from 1 to 2.5 percent in Figure 8-25. This graph can
be used to determine the rate of degradation in relation with the confinement. It can
be seen that, according to the proposed model, a relatively high amount of confine-
ment is necessary to atlow for contributions of arch-action and compression zone at
large drift ratios. Doubling the drift ratio would require more than twice as much con-

finement to result in the same rate of degradation, 7.
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Figure 8-25 Strength degradation function for the compression zone component, 7, for different
drift ratios

If the strength degradation of the compression zone and arch resistances is as-
sumed linear, 1 describes the degradation over the entire range of displacements. The

degraded contribution from the compression zone is then given by

V = I/::+a' - WI/(H—H

crared T

g V-—:—a,red = (1 - 77)Vc+a

4

(8.15)

with 77 51

Using the degradation of the V.., term, the degradation of the truss up to yielding of

the transverse reinforcement was found as follows.
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8.2.2 Degradation of the truss mechanism

Detailed information about strain in the transverse reinforcement was avail-
able for all 20 of the specimens in the database. The yield strain in the transverse rein-
forcement was reached in 15 of these. The respective capacities of the columns are
listed in Table 8-1. For all 15 columns, the reduced contributions from the compres-
sion zone and arch-action were calculated at the deflection related to yielding of the
web reinforcement. Using this value, the ratio of measured applied load at yielding to

the sum of truss-action and ¥4, ,.s was calculated. For eleven specimens, the meas-

ured load at yielding of the web reinforcement was smaller than ¥, +(1 - V... (see

Table 8-1). A function describing the strength degradation of the truss component

from initial strength to yielding was established for these members.

As seen before in Figure 8-22 and Figure 8-23, the degradation of truss action
was found dependent on the level of axial load and on the drift ratio. Moreover, ac-
cording to those graphs, the strength of the truss degraded at an increasingly faster
rate due to increasing axial stresses and drift. The truss has to develop its full static
capacity if the drift is zero, independent of the amount of axial load. According to the
proposed model, for the monotonic load case, the axial load is carried by the rela-
tively larger compression zone and by a larger friction contribution. A function that
results in a degradation coefficient equal to one for various amounts of axial load at
no deflection, but in a faster degradation at increasing drift demand is expressed in

equation (8.16):

315



1

= 8.16
1+a-§y,-b’1 (8.16)

X

with

A s .. :
o, = 231 = drift ratio at yielding of the transverse reinforcement.
A=c+d -PIAf')"
The influence of the confinement ratio on the degradation of the truss component was

considered as well, but it was found negligible for the specimens considered.

Equation (8.16) was calibrated on the eleven columns of the available dataset,
in which the strains were known to exceed the yield strain. The following degradation

function showed a good fit for the measured values of the examined specimens:

1
C1+15.6,-6" (8.17)

and A =1+2-P/(4f"' )"

4

Figure 8-26 shows the degradation function (8.17) plotted against the mnput
parameters. An increase of both, axial load demand and drift ratio, decreases y, re-
ducing the truss contribution. For a drift ratio o, = 0, the degradation function is zero,
independent of the axial load. According to the proposed model, an increased drift
ratio results in a fast degradation of the arch and compression zone components. A
fast degradation of the arch and compression zone components results in an increas-
ing demand on the truss under axial load, therefore degrading the truss component at

a fast rate under axial load. The influence of the axial load on the degradation rate is
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displayed in Figure 8-27 for drift ratios varying from 0 to 5 percent. This graph also
shows the decreasing influence of the drift ratio, discernible in the decreasing dis-

tances between the respective curves.

Figure 8-26 Degradation function of the truss component
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Figure 8-27 Degradation function of the truss component for different drift ratios
The calculated shear strength at yielding of the transverse reinforcement was

calculated for the considered columns by eq. (8.18):

v

yt,cal

= 2V, +(1-n)V,., (8.18)

Because the dataset used for calibration was very limited, the objectives of the
calibration were a conservative estimate, and to capture the influence of axial load

and drift ratio accurately.
Comparison of the measured to the calculated shear load at yielding of the
web reinforcement resulted in a mean value of ¥V, . /¥, , =1.51£2.8% within a 95

percent confidence interval. The standard variation was 0.63, resulting in a relatively
high coefficient of variation of 41.6 percent. The mean value reflects the multiplicator

a = 1.5 of the drift ratio in equations (8.16) and (8.17). Figure 8-28 shows a graph of
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measured against calculated shear strength at yielding of the reinforcement. State-
ments about trends should be made carefully for very small amounts of data as con-
sidered here. Overall, the method seemed to give a reasonable assumption of the

shear strength at yielding of the reinforcement.

For the examined columns, the ultimate reported shear strength was slightly
higher than the reported strength at yielding of the web reinforcement. This is espe-
cially true for the members tested by Matamoros (Matamoros 1999), which failed due
to buckling of the axial reinforcement after yielding of the stirrups. This type of fail-
ure was still considered a shear related failure, since the tensile reinforcement would
not have buckled without yielding of the stirrups. However, it is obvious that such
specimens could still sustain a certain amount of additional loads, even after the shear
resistance was lost. Such extended capacity should not be relied on though, since the

failure is not controllable after the loss of shear strength.

Figure 8-29 shows a plot of the measured ultimate shear strength against the
calculated strength V.. The scatter decreased slightly, while the level of conservatism
increased considerably. The mean of measured to calculated strength ratio was

'V, . =187+2.1%, the standard deviation 0.58, and the coefficient of varia-

u s el

tion 31.2 % for the eleven considered specimens.

The ratio of measured to calculated yield strength was plotted against the drift
ratio at yielding in Figure 8-30. For the specimens considered, no negative trend was

~ visible. The same ratio was plotted against the axial load in Figure 8-31. Here, a slight
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trend to increasingly conservative values with increasing axial load can be seen.

However, as mentioned before, it is difficult to make a clear statement about distinct

trends in a very small dataset.

The application of the proposed functions for degradation of the truss mecha-
nism, and for arch- and compression zone components will be demonstrated on tested

shear walls in the following section.
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Figure 8-28 Measured versus calculated shear strength at yielding of transverse reinforcement
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Figure 8-29 Measured ultimate shear strength versus shear strength at yielding of transverse

reinforcement
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8.3 Application to shear walls

The degradation functions developed in the previous sections can be used to
estimate the reduced shear strength for a limiting drift ratio (Figure 8-1). In slender
walls, the initial shear strength has to be large enough to ensure safe behavior of the
member under cyclic loading. The envelope curve for the flexural response is deter-
mined using the slope m as described in Section 8.1.2. The calculated shear strength
at yielding of the transverse reinforcement would have to be larger than the respective

flexural value to ensure that the member would not fail in shear.

In walls with low aspect ratios, it is unlikely that yielding of the vertical rein-
forcement due to flexure will be the limiting factor. In these cases, walls must be pro-
portioned so that the elastic seismic demand is smaller than the shear capacity of the

wall.

The proposed procedure was applied to several walls that failed in shear either
before or after yielding of the longitudinal reinforcement. The capacity of the walls
under monotonic loads and the strength degradation due to cyclic loads were calcu-

lated and compared with the envelope of the measured hysteresis curve.

To determine the failure envelope, the following values have to be computed
first: The elastic deflection, the flexural strength at yielding of the longitudinal rein-

forcement, and the initial shear strength.

The total deflection at the onset of yielding was calculated as the sum of de-

flections due to flexure, bar slip, and shear deformations. Deformations due to sliding
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of the wall panel along its base were not considered, because the related mode of fail-
ure was not an objective in the study at hand. Nevertheless, the failure envelope was
calculated for specimen K4, tested by Ogata et al. (Ogata and Kabeyasawa 1985),
which failed in sliding shear. The calculated envelope curve for this wall shows a

change from flexure-controlled behavior to shear-controlied behavior.

The component of the drift ratio related to yielding of the longitudinal reinforcement

was calculated as

1 I L
5,=0,5=0,7 (8.19)
where L = wall height
@, = curvature at yielding determined from eq. (8.20):
g,
p,=— (8.20)

d(l—k)

The drift ratio resulting from slip in the longitudinal reinforcement was calculated by

(Lopez 1988):

L J 1
S, = 2 —&d 8.21
stip L(d"“kd) 0498\/f_'{‘ 88’5 b ( )

The component of the drift ratio related to shear was calculated as (von Ramin et al.

2002):

5, = (8.22)
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with V), = shear related to yielding of the longitudinal reinforcement

Ay = total area of the wall

G =—Lc andy=1/6
2(1+v)

The moment at yielding of the longitudinal reinforcement was calculated from
an approximate design equation, which is based on flexural theory (Kabeyasawa and

Hiraishi 1998):

My.s' = A.s-,bej;i,u'mlw + 0'5A1=-fvyzw + OSN ) Zw (823)

where A, = area of steel in the boundary element
A, = area of vertical steel in the web
Jype = yield strength of longitudinal steel in the boundary element
Jv = yield strength of vertical steel in the web
N = axial load
I, = wall length

Dividing M, by the shear span, i.e. in this case the wali height, results in the respec-

tive shear force, V.

The initial shear strength of the walls was determined following the procedure

described in Section 7.2.5.2.
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The functions proposed for the degradation of flexural strength (equations (8.6) and
(8.9)), and for the reduction of shear strength (equations (8.15) and (8.17)) were then

used to construct the respective envelope lines.
Two different failure definttions were applied:

e If the calculated shear strength was below the flexural strength at
yielding of the reinforcement, the wall response was considered elas-
tic, because the wall displacement was smaller than the displacement
at yielding of the longitudinal reinforcement. The shear capacity at this
displacement is then given by the shear capacity under monotonic

loading, according to the proposed model.

o If the calculated shear strength exceeded the flexural strength, the
Sfrength at failure was defined as the strength at which the degrading

envelope of the shear strength transgressed the flexural envelope.

The calculated failure envelopes are indicated by a solid black line in the following

figures, showing the calculated and measured envelope curves.

According to the proposed method, the reduction of the shear strength is a di-
rect function of the drift ratio. The maximum displacement reached in the tests was
used to determine the reduced shear strength. In a design sttuation, this value would
have to be chosen. The reduced flexural strength, however, was assumed as 80 per-

cent of the initial strength at yielding of the longitudinal reinforcement, following the




proposed method. The flexural degradation slope m was calculated and used to obtain

the change in displacements between to ¥V}, and 0.8V,

0.2
TN A

"Ry (8.24)
<:>Au=9£+Ay

The described procedure was carried out on walls tested by Barda et al. (Barda
et al. 1977), by Ogata and Kabeyasawa (Ogata and Kabeyasawa 1985), by
Kabeyasawa and Hiraishi (Kabeyasawa and Hiraishi 1998), and by Oesterle et al.
(Oesterle et al. 1980; Oesterle et al. 1976). The walls tested by Barda, and by Ogata
failed in shear before yielding of the longitudinal reinforcement; the specimens tested
by Kabeyasawa fatled after yieiding of the longitudinal reinforcement. The specimens
tested by Oesterle et al. are representative cases of slender wall behavior. Properties
of the set of walls are provided in Appendix Al0 and i the respective worksheet on

the provided data CD.

Figure 8-32 shows the calculated and measured response of specimen B7-5
tested by Barda et al. The wall panel had a very low aspect ratio of 0.25, and failed in
shear before reaching its flexural yield strength. Figure 8-33 shows the dimensions
and cross-sectional properties representative for the test series by Barda (Barda et al.
1977). The reinforcement ratio of the horizontal and vertical web reinforcement was
(0.5 percent; the reinforcement ratio in the boundary elements was very high with 4.17
percent. The axial load applied to specimen B7-5 was relatively low wi{h an axial

stress demand of P/(4f".) = 0.2 %.
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The flexural capacity of specimen B7-5 greatly exceeded the calculated and

the measured shear strength. This case is representative of a squat wall, where the

wall would be proportioned based on the monotonic shear strength obtained with the

proposed model. A hysteresis curve for this specimen is therefore not provided. Be-

cause failure will occur at a small fraction of the flexural yield load, it is assumed that

the wall looses its load

carrying capacity after shear failure. The calculated shear

strength, indicated by the solid grey line, was slightly conservative. The measured

failure envelope is displayed as a straight line from the origin to the limiting drift at

the maximum load.
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Figure 8-32 Measured and calculated failure envelope for specimen B7-5 (Barda et al. 1977)
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Figure 8-33 Cross-sectional properties of specimens in test series by Barda (Barda et al. 1977)

The envelope curve for a specimen with a .higher calculated shear capacity
than flexural capacity is shown in Figure 8-35. Specimen K4 failed in sliding shear
before yielding of the longitudinal reinforcement (Ogata and Kabeyasawa 1983).
Specimen K4 had a low shear span ratio of 0.75; normal strength concrete and normal
strength reinforcement was used. The axial stress demand for specimen K4 was rela-
tively high with 9.3 percent. The web reinforcement ratio was comparatively high.
With 0.8 percent, the web reinforcement ratio was higher than in any other test
specimen described in this section. The longitudinal reinforcement ratio in the bound-
ary element was 1.43 precent, which is low compared to the other described test
specimens. Figure 8-34 shows reinforcement details and cross-sectional dimensions

of specimen K4 as provided in (Ogata and Kabeyasawa 1985).

331



TRR T SRy R
b0 : il ¥ ; ~
== HNrRat woief (BTN =
: [t EEE R 18-S 8 5 AMRMRLE IR EE I TG00
Gt “ " L
oy Uil 10D AL
muag g«i‘m /‘lg‘); x
56830 Brva ;
et ] R
oy -
§ 1 T fjﬁ/ i . Az
SPEY e B AR
3y ] - oA 3 P
‘d-.l}i':'ﬁ’ fmcabrind . ; S‘.@é? 1;;_ ‘"‘ﬁ'sﬁg §§
3y 7Y —— i —‘“ ] ': . - il P
bt | ZON '
= B
TR SRR
sy {1 S
1 hoow, by i Mooy i
i - L -
N lokayy ST -6 1Ay i e .
22 : AR SNE=S
” AP — i R;’, LA aewinn ¢ i
== { Ry BT OBRD e B
hop [;l T ::1 SRk hm%\;t 40 :§ Rzt Fl o
. o . -y ir & =
TEAN LI o i % $h] : I i .L i‘.y' 5
100 300 300 MO 200 300 | 105 09 w0 (100 109130
A N AN M M A
.." a E m
3&- a ) o e PP | mgﬂg L o 4 9 [ D g
m; B } p ) * " ks £ e GOWY ‘ h_,.ﬂ,..f..., g § 2Ty A
A28 Ty pe—— i b
g?- @ & o : og'g o ii o EE a 9 @ zq !
gl | I o
PRO01 200 oo L 20na001
o W 24403 - )

Figure 8-34 Dimensions and reinforcement details of specimen K4 (Ogata and Kabeyasawa 1985)

The calculated failure envelope for specimen K4, plotted in Figure 8-35, is
represented by a line connecting the origin with points A to C. The calculated re-
sponse is first dominated by the flexural capacity, i.e. until point B. However, the
failure line related to the shear strength transgresses the flexural curve very soon, and
dominates the response between points B and C. The calculated displacement at the
onset of yielding of the longitudinal reinforcement was much smaller than the meas-
ured drift. This could be related to the failure mode. Since the wall failed in sliding

shear, a considerable amount of the lateral deflection has to be attributed to sliding of
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the wall panel. As mentioned earlier, the method used to determine the drift ratio at
yielding does not account for these deformations. The hysteresis curve for specimen

K4, provided by (Ogata and Kabeyasawa 1985), is shown in Figure 8-36.
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Figure 8-35 Measured and calculated failure envelope for specimen K4 (Ogata and Kabeyasawa

1985)
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Figure 8-36 Hysteresis curve for specimen K4 (Ogata and Kabeyasawa 1985)

An example for a wall that reached yielding of the longitudinal reinforcement
1s shown for specimen NW1 (Kabeyasawa and Hiraishi 1998) in Figure 8-38. This
wall failed after the tensile reinforcement in the boundary element and the longitudi-
nal reinforcement in the web ruptured. Specimen NW1 had a shear span ratio of 2 and
was axially loaded with P = 1764 kN, which is equivalent to an axial stress demand
of approximately 11 percent. As stated by Kabeyasawa, the axial load was chosen
equivalent to an axial load imposed on the wall by 20 to 30 stories. The wall speci-
men had a barbell — cross section with a longttudinal reinforcement in the boundary
element of ps. = 2.14 %. The yield strength of the longitudinal reinforcement in the
boundary element was £, 5. = 776 MPa, the yield strength of the vertical and horizon-
tal web reinforcement was 1001 MPa. High-strength concrete was used with a com-

pressive strength of £, = 87.6 MPa. The wall panel was {framed by the vertical bound-
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ary elements and by horizontal boundary elements to accommodate the load applica-
tion. Cross-sectional drawings of specimen NW1 are shown in Figure 8-37

(Kabeyasawa and Hiraishi 1998).

The calculated flexural and shear response were similar to specimen K4, i.e.
the calculated failure envelope was first dominated by the flexural response, and,
starting at point B, the calculated response was limited by the shear capacity. In this
case, the estimate of strength was conservative. It appears appropriate to assume that
the high axial load and the heavily reinforced boundary elements suppressed the fail-
ure of the wall until the boundary element and the vertical web reinforcement ulti-
mately ruptured. Figure 8-39 shows the measured hysteresis curve for specimen NW1
(Kabeyasawa and Hiraishi 1998). The measured failure envelope curve for specimen

NW1 is compared to the calculated failure envelope in Figure 8-38.

338



3 4
&y

Jem—
2
H

EREETTEIN 1 s
M = 3 ey
: 54

gicCie
TEEE uﬂwx TRAY

t1 hwmmm

iy

p

#LERILE,

i

u:t

Ak ,uf &m Eﬁtm :

hEi0H
B

i

Wt

hi 1998)

irais

Figure 8-37 Cross-sectional properties of specimen NW1 (Kabeyasawa and H

336




L observed failre oad: 1062 kN, 2 % driff
1000 — ~
-
e e i, -
L.
N L *
S
800 el
. .
LA . g calouated faiure load atB: 700 kN, 1.4 % drift
Zz ' —
= ’ R e
: ' [\X ————
e
& e00 - =g
[
o
&
N c
o T T T r + T
0.0% 0.5% 1.0% 1.5% 2.0% 25% 3.0% 3.5% 40% 4.5%
driftratio

= @ = measured envelope =@ « calculated flexural envelope - - calcutated shear emelope

Figure 8-38 Measured and calculated fallure envelope for specimen NWI1 (Kabeyasawa and

Hiraishi 1998)

: rupture of co
¢ yiglding of colum
[ main bari

Crugare of: 1
wrrric{zf wall g_fmr

shear force (MN)
[

i

R ecimen NW-1
G 20 VTSNS I S Spiczme:}’% V-1,

-3 w20 =10 0 o 26 30
rotation angle {1077 rad. )

Figure 8-39 Hysteresis curve for specimen NW1 (Kabeyasawa and Hiraishi 1998)
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The behavior of slender walls is illustrated using specimens that were tested
by Oesterle et al. (Oesterle et al. 1980; Oesterle et al. 1976). These walls, designated
B1, B2, B3, and B5, had barbell cross-sections, and an aspect ratio of 2.4. The cross-
sectional dimensions of the wall panels are shown in Figure 8-40, taken from
{Oesterle et al. 1980). No axial load was applied to the walls tested by Oesterle et al.
The wall paneis had web reinforcefnent in the vertical and horizontal directions of

approximately 0.3 percent, the horizontal web reinforcement in specimens B2 and B5

was more than twice as much with o, = 0.625 percent.

Pin, ® 259 mm
PE 5 9.305 m

Figure 8-40 Dimensions of specimens B1, B2, B3, B5 as provided in (Oesterle et ai. 1980)

Specimens Bl and B3 developed considerable flexural strength after yielding
of the longitudinal reinforcement. Both specimens were identically constructed, ex-

cept that more confinement was provided in the boundary element of specimen B3.
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Wall B1 failed because of buckling of the main vertical reinforcement in a boundary
element, aﬁer the boundary column core lost concrete while it was loaded in tension.
The comparable specimen B3 provided more confinement in the boundary elements
and could develop larger displacements. The computed and measured failure enve-
lopes for specimens Bl and B3 are shown iﬁ Figure 8-41 and Figure 8-42, respec-
tively. Figure 8-4l3 shows the hysteresis behavior of specimens Bl and B3 as pro-
vided in (Oesterle et al. 1980). The calculated initial shear strength of specimen Bl
greatly exceeded the flexural capacity. After yielding of the longitudinal reinforce-
ment, the calculated shear strength degraded at a very fast rate; however, the calcu-
lated shear strength at the measured maximum drift ratio was slightly larger than the
measured strength of 271 kN. The calculated strength at failure is indicated by point

B.

A similar response as for specimen B1 can be seen in Figure 8-42 for speci-
men B3. As previously mentioned, the wall developed higher ductil_ity, but failed at
essentially the same load. The calculated flexural capacity and the calculated initial
shear strength are equal to the strengths calculated for specimen B1. Because the wall
B3 was able to withstand lafger deformations than B1, the slope of the shear degrada-
tion function changed accordingly. Since the larger drift ratio yielded a larger reduc-
tion of shear strength, the calculated failure load at the obtained drift ratio provided a
safe estimate of the failure load. The calculated failure point C is in relatively good

agreement with the measured limtting shear strength.
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Figure 8-43 Hysteretic response of specimens Bl and B3 as provided in (Qesterle et al. 1980)
Wall specimens B2 and B5 were built similar to walls B1 and B3. The differ-
ence was that these walls had a higher amount of longitudinal reinforcement in the
boundary elements, which changed from gz, = 1.1 % in specimens Bl and B3 to oy =
3.7 % in specimens B2 and B5. Similar to the first pair of walls, the amount of trans-

verse reinforcement in the boundary element was higher in specimen BS than in

specimen B2. According to Oesterle et al., the capacity of both walls was limited by
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web crushing. The boundary elements in specimen B2 lost their strength prior to web
crushing; in specimen BS, they maintained their strength until after web crushing

(Oesterle et al. 1976).

Figure 8-44 shows the measured and calculated capacity of wall specimen B2.
The calculated flexural strength was higher than the measured strength at yielding of
the longitudinal reinforcement. The initial shear strength was considerably higher
than the flexural strength; however, the calculated shear strength degraded rapidly
with increasing drift ratio. The calculated ultimate shear strength, indicated “by point
B, gave a conservative estimate of the measured response. Point B 1s very close to the
calculated flexural failure envelope, indicating a change in member behavior from a
flexure- to a shear-controlled member. This was consistent with the experimental ob-
servations. The measured hysteresis curve for specimen B2, taken from (Qesterle et
al. 1980), is shown in Figure 8-45. The higher amount of transverse reinforcement in

the boundary elements of specimens B2 and B3 is also shown in Figure 8-45.

The concrete compressive strength, and the yield strength of the web rein-
forcement, of specimen B3 were lower than in B2, resulting in different calculated
fatlure envelopes. The limiting shear strength of this specimen, indicated by point B
mm Figure 8-46, was underestimated, whereas the calculated flexural strength (point A)
exceeded the measured capacity. Point B represents the point at which the calculated
member behavior changes from flexural to shear-controlled behavior. The measured

hysteresis curve for specimen B3 is displayed in Figure 8-47 (Oesterle et al. 1980).
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Figure 8-47 Hysteresis curve for specimen B5 as provided in (Oesterle et al. 1980)

The proposed model is sensitive to the chosen limiting drift ratio, because the

slope and amount of the shear strength degradation are controlled by the limiting drift




ratio. Figure 8-48 shows the envelope curves for the shear strength degradation at hy-
pothetical drift ratios of 1.0, 1.5, 2.0, and 3.0 % for specimen B5. According to the
proposed method, the change in the response of the wall from flexure- to shear-
controlled behavior would have set in at points A through D. The end-points of the
respective curves for shear strength degradation indicate, compared to flexural
strength degradation, a faster degradation of the shear strength with increasing dnft

ratio.
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Figure 8-48 Change in shear response of specimen B5 at different drift ratios
It can be concluded that the application of the proposed method on walls gave
relatively accurate results in terms of the developed strength at the limiting drift ratio.

However, the proposed method is only able to give estimates of the strength at the



limiting drift ratio. Increases in lateral load after yielding of the longitudinal rein-

forcement cannot be modeled with the proposed method.

For some walls, the calculated estimate of shear strength was very conserva-
five. An example for thié 1s specimen NW1, tested by Kabeyasawa et al. According to
the proposed model, the wall would have failed at point B in Figure 8-38. The tested
wall, though, developed a considerable amount of strength exceeding the reduced ca-
pacity determined following the proposed model. The calculated ultimate flexural
displacement was largely overestimated; however, for the walls considered, this was
not of concern, because their strength was limited by the shear capacity. The change
between flexural and shear-controlled response was modeled well for the walls B2
and B5 tested by Oesterle et al. The displacement at yielding of the longitudinal rein-
forcement was underestimated for the walls that féiied in shear and in sliding shear,
because displacements related to sliding shear were not taken into account by the

proposed model.

346




9 Summary and conclusions

The static shear capacity of reinforced concrete members was modeled using
the superposition of different shear carrying mechanisms. The degradation of shear

strength under cyclic load was calculated based on the calculated static shear strength.

Five different approaches to shear design of RC members were examined with
respect to their applicability to various design configurations. Approaches by Wata-
nabe and Reineck were found useful as a basis for further investigations (Reineck
1990; Watanabe and Ichinose 1991). However, a narrow range of applicability or
conceptual shortcomings made it necessary to develop their conceptual ideas further
into a general analysis tool for the design of RC members under monotonic shear
load. This model was shown to be applicable to members of different geometries,
with or without shear reinforcement, or with or without axial load. The strength deg-
radation under seismic loads was modeled by considering the most significant pa-

rameters.

All components of the developed model were calibrated using available test
data. The derived parameters were evaluated using »n-fold cross validation, yielding

good results with respect to the examined databases.
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9.1 Monotonic shear capacity

It was shown that the shear capacity of RC members subjected to monotonic
loads could be modeled by a superposition of arch-action, truss-action, and resis-

tances related to the uncracked compression zone and friction between crack surfaces.

Depending on the existence of transverse reinforcement, the previously listed

components contribute differently to the shear capacity of an RC member.

9.1.1 Members without web reinforcement
The load carrying mechanisms in members without web reinforcement were
assumed as arch-action, friction, and the contribution from the uncracked compres-

sion zone, which is related to the tensile strength of concrete.

The strength of the arch component was chiefly related to the strut width, de-
fined by the depth of the compression zone, or by the cover of the tensile reinforce-
ment. The geometry of the loading plates also was important for the strut geometry in
deep members, because it defines the axial dimension of the strut width. According to
the proposed model, the strut has to be located in a section of the member that is un-

der compression, because the compressive strut cannot transfer stresses across cracks.

For squat members, it was assumed that the main load carrying mechanism is
arch-action; for slender members, the shear sirength was calculated from the other
two remaining components, friction and the shear carried by the compression zone.

Furthermore, it was assumed that arch-action is present to some extent in slender
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members, and the contributions from friction and compression zone are present to
some extent in deep members as well. To account for the transition from deep to
slender members, two transition functions, &, and k., were introduced that decrease
the arch component and increase the friction and compression zone components with
an Increasing aspect ratio. In the transitional range of shear-span-to-depth ratios of
approximately 2<a/d <6, all three components contribute to the shear capacity of

the member,

9.1.2 Members with web reinforcement

For members with web reinforcement, the contribution from the truss model
was added to the aforementioned components. While in slender beams only a vertical
truss component is present, the web of deep beams and walls is often reinforced verti-
cally and horizontally. Both truss mechanisms have to be considered. However, sim-
ply adding the truss components yielded too high demand for the compression field in
the web. A resistance fraction R was established that controls the demand on the indi-
vidual shear-carrying contributions. It was assumed that the truss mechanisms de-
velop their full capacity; the stresses in the compressive strut were reduced accord-

ingly through R,.

Additionally, the geometry of the truss in deep beams and walls was consid-
ered. The angle of the inclined compression field was limited in such a way that two

compressive struts can develop to assure equilibrium within the member. This effec-
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tively limited the inclination of the compression field in deep members to

cotd < af2d .

To compensate for the lack of a distinct compression and tension zone in deep
beams, the contributions from friction and uncracked compression zone were ne-
glected. In walls, however, it was assumed that boundary elements form distinet load
paths for the vertical load couple. Thus, in walls, a contribution from the compression

zone was considered.

9.1.3 Axial load

The effect of axial load was considered in the modeling of the shear-resisting
mechanisms. Following the proposed model, applying‘axial compression increases
the depth of the compression zone, and therefore the contributions from uncracked
compression zone and friction. According to the proposed method, the contribution of
arch action generally does not increase with axial load, because although the depth of
the compression zone increases, it becomes more likely that the cover of the tensile

reinforcement governs the effective strut width.

Moreover, axial load was considered in the equilibrium conditions related to
the friction component. Axial compression reduces the strain in the tensile reinforce-
ment, and therefore the crack width. Decreasing the crack width increases the shear

resistance related to friction consistent with the proposed model.
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9.1.4 Effect of the section depth

The decrease of the average shear stress with increasing section depth is
treated in the proposed model by the friction component. The decrease of average
shear stresses was found not only related to the effective depth of the members, but
also related to a combination of section depth, average shear stress, compressive
strength of concrete, and tensile reinforcement ratio. The proposed model represented
the decrease of average shear stresses with increasing section depth well. Design
charts were provided which give the allowable combination of effective depth, con-
crete strength, tensile reinforcement, and average shear stress for reductions of the

friction component by 10, 20, and 30 percent.

9.2 Seismic shear capacity

The main objective in seismic design is to maintain a higher static shear
strength than flexural capacity. However, the different degradation rate of both ca-
pacities due to cyclic loading results in either flexural or shear failure under lateral
load reversals. It was concluded that the strength degradation for both capacities had

to be examined.

8.2.1 Degradation of flexural strength

It was shown that the flexural strength found from elastic analysis was a good
estimate of the lateral load at yielding of the longitudinal reinforcement in the cycli-
cally loaded columns that were considered. The lateral load at failure was taken as 80

percent of the flexural capacity. A dimensionless strength reduction function, m, was
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introduced that represents the degradation of shear strength between the displacement

at yielding of the tensile reinforcement and the reduced strength at 80 % of V.

Out of several variables that were examined, two parameters were found to
have an important effect on strength degradation: The confinement ratio, taken as the
ratio of effective yield strength of the transverse reinforcement, p,f,,, to the compres-
stve strength of concrete, /7, and the axial load lével, PI(Af ;). The slope representing
the flexural strength degradation was computed as the product of functions of these

parameters.

9.2.2 Degradation of shear strength

Similar to flexural strength degradation, the decay of shear strength can be
viewed as a function of the static shear strength. The shear corresponding to yielding
of the transverse reinforcement was assumed as the ultimate shear capacity. It was
assumed that the additional contributions from arch-action and compression zone

would have degraded partially or totally at this loading stage.

According to the proposed model, the degradation of shear strength stems
from the degradation of the contributions from arch-action and compression zone, and
a degradation of the truss mechanism. Using test data by Ichinose (Ichinose et al.
2001), the degradation of the arch and compression zone contributions was calculated

as a function of the drift at the point of loss of arch- and compression zone contribu-

tions, and the confinement ratio, p/sy// -




The test data showed that a full degradation of concrete-related components of
shear strength was not sufficient to account for the total reduction in strength, and that

degradation of the truss mechanism took place.

Available information about the drift at yielding of the transverse reinforce-
ment was used to describe further strength decay as a function of the axial load level,

PI(Af":), and the drift ratio at yielding of the transverse reinforcement, A,/L.

The proposed model was applied to walls that failed in shear before and after
yielding of the longitudinal reinforcement, and to walls that lost their capacity in a
flexural failure mode. The calculated strengths of the wall specimens were within rea-

sonable limits compared to the measured failure envelope curves.

9.3 Conclusions

1. The monotonic shear capacity for a wide range of member configurations
can be modeled by a superposition of arch-action, truss-action, friction, and a contri-
bution of the compression zone. However, simply superimposing the individual com-
ponents does not reflect the actual member behavior. Functions transitioning between
squat and slender members, as well as between reinforced members and members

without web reinforcement, are necessary to model the member behavior accurately.

2. According to the proposed model, the contribution from the friction com-
ponent can be used to control the so-called “size effect.” It was found that the “size

effect” is not only an effect of the section depth, but 1s also influenced by the com-



pressive strength of concrete, the tensile reinforcement ratio, and the average shear

stress.

3. In the cyclic load case, the shear strength degradation under reversed lateral
loads was found to be not only a strength reduction of the components related to fric-
tion and the compression zone, but also as a reduction of the truss mechanism. Flex-
ural strength and shear strength degrade at different rates. To define a failure enve-
lope curve in the design case, the envelopes for flexural and shear strength degrada-
tion have to be constructed separately. If the member behavior changes from flexure-
controlled to shear-controi]ed behavior, the interception of the two curves gives the

design strength.

4. The shear analysis according to the proposed model gives more accurate re-
sults than the other models considered in the study at hand. Moreover, with the excep-
tion of the approach proposed by Watanabe, compared to other methods, it is the only

model applicable to a wide range of member configurations.

5. The proposed model has the following limitations: Applicable member ge-
ometries range from axially loaded walls to slender beams. Within the scope of this
work, only members subjected to point loads with a single shear span, such as simply
supported beams or cantilever columns, were investigated. To account for distributed
loads, changes to the arch mechanism would be necessary. The calibration was car-
ried out at a critical location of a distance d from the support. The application of the
proposed model at different locations with different strains in the longitudinal rein-

forcement would yield different contributions from the friction component. For RC
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members subjected to point loads altered values of the critical crack width related to

the friction component were presented.

6. The proposed model does not reflect safety factors used for shear analysis.
Nevertheless, one objective of the respective calibrations was to provide a certain
level of conservatism. However, the level of conservatism attributed to the various
components reflects mostly the scatter in the calculated response of the investigated

data set.

9.4 Suggested further research

Test data on the degradation of shear strength under seismic load is very lim-
ited. The shear strength degradation under cyclic load in this work was treated as em-
pirical relationships of important parameters influencing strength decay. Additional
tests with focus on the physical behavior within a member _could provide helpful in-
formation for physically modeling the degradation process. In order to obtain this,
strains in the transverse reinforcement and in the concrete core would have to be
measured and correlated to lateral load. In addition, changes are necessary to make
the proposed model applicable to different loading types. For example, the arch-

model has to be adjusted to reflect a distributed lateral load.
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11 Appendix: list of specimen properties
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A1. Deep beams without web reinforcement

Moody et al.
1 (1954) 24a 203.2 153.2 178 533 810 1.52
Moody et al.
2 (1954) 24b 203.2 153.2 178 533 810 1.52
Moody et al.
3 {1354) 25b 203.2 1532 178 533 810 1.52
Moody et al.
4 {1954) 26a 2032 1532 178 533 810 1.52
Moody et al. |
5 {1954) 26b 203.2 153.2 178 533 8i0 1.52
Moody et al.
6 (1954) 27a 203.2 153.2 178 533 310 1.52
Moody et al.
7 (1954) 27b 203.2 153.2 178 533 810 1.52
Moody et al.
8 (1954) 28a 203.2 153.2 178 533 g10 1.52
Moody et al.
9 (1954) 28D 2032 | 1532 | 178 | 533 | 810 | 1.52
Moody et al. :
10 {1954) 29a 2032 153.2 ‘178 533 810 1.52
Moody et al.
i1 {1954) 20h 203.2 153.2 178 533 810 1.52
Mathey and
12 Watstein (1963) I-1 101.6 108.5 203 403 609 1.51
Mathey and
13 Watstein (1963) -2 101.6 108.5 203 403 609 1.51
Mathey and
i4 Watstein (1963) -3 101.6 108.5 203 403 609 1.51
Mathey and
15 Watstein (1963) I1-4 101.6 108.5 203 403 609 1.51
Mathey and
16 Watstein {1963) HI-5 101.6 108.5 203 403 609 1.51
Mathey and
17 Watstein (1963) -6 101.6 108.5 203 403 609 1.51
Mathey and
18 Watstein (1963) IV 1016 108.5 203 403 609 1.51
Mathey and
19 |  Watstein (1963) V-8 101.6 | 1085 | 203 | 403 | 609 | 1.51
Mathey and
20 Watstein (1963) V-9 101.6 108.5 203 403 609 1.51
Mathey and
21 Watstein (1963) V-10 101.6 108.5 203 403 609 }..SL}
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Mathey and

22 Watstein (1963) VI-11 101.6 108.5 203 403 609 1.51
Mathey and
23 Watstein (1963) Vi-12 101.6 108.5 203 403 609 1.51
Mathey and
24 Watstein (1963) V-13 101.6 108.5 203 403 609 1.51
Mathey and
25 Watstein (1963) V-14 101.6 108.5 203 403 609 1.51
-~ Mathey and
26 Watstein {1963) VI- 15 101.6 108.5 203 403 609 1.51
Mathey and
27 Watstein (1963) Vi-16 101.6 1068.5 203 403 609 1.51
28 Kani (1967 41.00 203.2 22.9 153 141 340 2.41
29 Kani (1967) 45.00 2032 38.9 151 -| 133 271 2.04
30 Kani (1567) 46.00 203.2 32.8 151 136 272 | 2.00
31 Kani (1967) 53.00 203.2 40.9 151 132 136 1.03
32 Kani {1967) 54.00 203.2 32.8 151 136 136 1.00
33 Kani (1967) 94.00 203.2 63.5 153 273 543 1.99
34 Kani (1967) 95.00 203.2 59.7 153 275 677 | 246
35 Kani (1967) 98.00 203.2 59.7 153 275 679 | 247
36 Kani (1967) 99.00 203.2 65.5 152 272 680 | 2.50
37 Kani (1967) 100.00 2032 69.6 153 270 545 | 2.02
38 Kani (1567) 61.00 203.2 135.1 156 542 | 1084 | 2.00
39 Kani (1967) 67.00 203.2 163.3 157 528 544 1.03
40 Kani (1967) 69.00 203.2 135.1 155 542 542 1.00
41 Kani (1967) 72.00 203.2 121.2 152 545 | 1076 | 196
42 Kani (1967} 3041.00 203.2 244.3 152 1097 | 2194 | 2.00
43 Kani {1967) 3042.00 203.2 248.4 154 1095 | 2738 | 2.50
Rogowsky et al.
44 (1986) BMI/L.STL | 200.0 130.0 200 535 | 1000 | 1.87
Rogowsky et al.
45 (1986) BM1/2.0T1 | 200.0 89.9 200 | 455 | 1001 | 2.20
Kong and Teng
46 {1994) N-la 200.0 150.0 150 525 900 1.71
Kong and Teng
47 {1994) N-1b 200.0 100.0 150 550 900 1.64
Kong and Teng
48 (1994) DBl 100.0 100.0 100 700 325 0.46
Kong and Teng
49 {1994) DB2 100.0 100.0 100 700 325 | 046
Kong and Teng
50 (1994) DR3 100.0 100.0 100 700 325 | 046
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Moody et al. (1954)

24a

18

2.7

296

1.23

1.80

I
2 | Moody et al. (1954) 24b 21 2.7 303 1.10 1.67
3 | Moody et al. (1954) 25b 17 3.5 289 1.23 1.79
4 | Moody et al. {1954) 26a 22 4.3 420 1.45 222
5 | Moody et al. (1954) 26b 21 4.3 396 1.44 2.18
6 | Moody et al. (1954) 27a 21 2.7 347 1.22 1.86
7 | Moody et al. (1954) 27b 23 2.7 356 1.17 1.82
8 | Moody et al. (1954) 28a 23 3.5 303 0.99 1.54
9 | Moody et al. (1954) 28b 22 3.5 340 1.15 177
10 | Moody et al. {(1954) 29 22 4.3 389 1.36 2.07
11 | Moody et al. (1954) 29b 25 4.3 436 1.34 2.11
Mathey and Watstein
12 (1963) I-1 25 3.1 313 1.35 1.73
Mathey and Watstein
13 {1963) 1-2 23 3.1 311 1.46 1.84
Mathey and Watstein
14 {1963) 1I-3 22 1.9 262 1.28 1.60
Mathey and Watstein
15 (1963) -4 20 1.9 313 1:30 1.69
Mathey and Watstein
16 {1963) I-5 26 1.9 289 1.23 1.58
Mathey and Watstein
17 {1563) ni-6 26 1.9 291 1.24 1.60
Mathey and Watstein
18 (1963) V-7 24 1.9 291 1.31 1.66
Mathey and Watstein
19 (1963) V-8 25 1.9 304 1.33 1.70
Mathey and Watstein
20 (1963) V-9 23 1.2 224 1.05 1.32
Mathey and Watstein
21 (1963) V-10 27 1.2 269 1.10 1.43
Mathey and Watstein
22 (1963) VIi-11 25 1.2 224 0.97 1.25
Mathey and Watstein
23 (1963) VI-12 26 1.2 269 1.15 1.47
Mathey and Watstein
24 (1963) V-13 22 0.8 222 1.07 1.34
Mathey and Watstein
25 {1963) V- 14 27 0.8 224 0.92 1.20
Mathey and Watstein
26 (1963) VI-15 25 0.8 180 0.77 0.99
Mathey and Watstein
27 {1963) Vi-16 23 0.8 189 0.89 1.12
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28 Kani (1967) 41.00 27 2.6 51 1.05 1.55
29 Kani (1967) 45.00 25 2.8 65 0.76 1.88
30 Kani (1967) 46.00 25 2.8 69 0.80 1.93
31 Kani (1967) 53.00 27 2.8 155 0.48 2.53
32 Kani {1967) 54.00 27 2.8 158 0.49 2.44
33 Kani (1967) 94.00 25 2.8 111 1.03 1.52
34 Kani (1967) 95.00 25 2.8 73 1.26 1.21
33 Kani (1967) 98.00 26 2.7 76 1.30 1.24
36 Kani (1967) 99.00 26 2.7 77 1.32 1.29
37 Kani (1967) 100.00 27 2.7 112 0.98 1.50
38 Kani (1967) 61.00 27 2.6 136 0.83 0.90
39 Kani {1967) 67.00 30 2.8 548 0.97 1.57
40 Kani (1967) 69.00 27 2.7 586 1.21 2.18
41 Kani {1967) 72.00 25 2.7 197 1.34 1.36
42 Kani (1867) 3041.00 27 2.7 326 1.40 1.09
43 Kani {1967) 3042.00 26 2.7 237 1.77 0.97
Rogowsky et al.
44 {1986) BM1/1.5T1 42 il 303 .88 1.09
Rogowsky et al.
45 (1986) BM1/2.0T1 43 0.9 177 0.92 0.86
Kong and Teng
46 {1994) N-la 37 1.9 243 0.8] 1.21
Kong and Teng )
47 (1994) N-1h 40 0.9 205 0.72 0.89
Kong and Teng
48 (1994) DB1 40 0.5 287 0.87 0.65
1 Kong and Teng
49 {1994) DB2 53 0.5 410 1.02 077
Kong and Teng
50 (1994) DB3 65 0.5 525 1.15 .86
Lil+ 1.52+
mean 0.8% 0.94%
std-dev| 0.25 0.45
cv. | 2297% | 29.34%

{Kong et al. 1994; Matamoros and Wong 2003)
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A2. Slender beams without web reinforcement

1 Adebar P, Collins ST1 360 310 278 64 800 2.88
M.P. (1996}
2 Adebar P., Collins ST2 360 310 278 64 800 2.88
M.P. (1996)
3 Adebar P, Colling ST3 290 310 278 64 800 2.88
M.P. (1996)
4 Adebar P., Collins ST8 290 310 278 64 800 2.88
M.P. (1996)
5 Adebar P, Collins STi6 290 210 178 64 800 4.49
M.P. (1996) :
6 Adebar P_, Collins ST23 290 310 278 64 800 2.88
M.P. {1996)
7 Ahmad, Kahloo Al 127 254 203 102 g13 4.00
{1986)
8 Ahmad, Kahloo A2 127 254 203 i02 610 3.00
(1986}
9 Ahmad, Kahloo A3 127 254 203 102 549 2.70
(1986)
10 Ahmad, Kahloo A8 127 254 208 92 624 3.00
{1986) .
11 Ahmad, Kahioo Bl 127 254 202 | 105 807 4.00
(1986)
12 Ahmad, Kahloo B2 127 254 202 | 105 603 3.00
(1986)
13 Ahmad, Kahloo B3 127 254 202 105 545 2.70
{1986)
14 Ahmad, Kahloo B7 127 254 208 92 832 4.00
(1986)
15 Ahmad, Kahloo B8 127 254 208 92 624 3.00
{1986)
l6 Ahmad, Kahloo B9 127 254 208 92 562 2.70
{1986)
17 Ahmad, Kahloo Cl 127 254 184 | 140 737 4.00
{1986)
18 Ahmad, Kahleo C2 127 254 184 | 140 552 3.00
(19863
19 Ahmad, Kahloo C3 127 254 184 | 140 497 2.70
{1986) |
20 Ahmad, Kahloo c7 127 254 207 95 826 4.00
(1986)
21 Ahmad, Kahioo C8 127 254 207 95 620 3.00
(1986)
22 Ahmad, Kahloo C9 127 254 207 95 558 2.70
(1986)

368




23 |Al-Alusi AF. {1957) 7 76 146 127 38 572 4.50
24 |Al-Alusi AF. (1957) 10 76 146 127 38 508 4.00
25 |Al-Alusi AF. (1957) 11 76 146 127 38 4372 3.40
26 [Al-Alusi AF. (1957 18 76 146 127 38 572 4.50
27 | Angelakos D., Bentz DB120 300 1000 | 925 | 150 | 2700 | 2.92
E.C., Collins M. P.
0
28 | Angelakos D., Bentz DB130 300 1000 | 925 | 150 | 2700 | 2.92
E. C., Collins M. P.
(
29 | Angelakos D., Bentz DB140 300 1000 | 925 150 2700 2.92
E.C., Collins M. P,
0]
30} Angelakos D., Bentz DBi6s 300 1000 | 925 | 150 | 2700 ) 2.92
E. C., Collins M. P.
0
31 | Angelakos D, Bentz DB180 300 1000 | 925 1 150 | 2700 | 2.92
E. C., Collins M. P.
)
32 Angeiako(s D., Bentz DB230 300 1000 | 895 | 210 | 2700 | 3.02
E. C., Collins M. P.
0
33 | Angelakos D., Bentz| DBO530 300 1000 | 925 150 2700 | 2.92
E.C., Collins M. P.
(2000)
34 | Aster; Koch (1974) 2 1000 | 281 250 62 920 3.68
35 | Aster; Koch (1974) 3 1000 ; 289 250 77 820 3.68
36 | Aster; Koch (1974) 8 1000 344 500 88 2750 | 5.50
37 | Aster; Koch (1974) 9 1000 544 500 38 2750 | 5.50
38 ; Aster; Koch (1974) 10 1000 544 500 88 2750 5.50
39 | Aster; Koch (1974) 11 1000 539 500 77 1825 | 3.65
40 | Aster; Koch (1974) i2 1000 540 500 80 1825 3.65
41 | Aster; Koch (1974) 16 1000 | 794 | 750 88 2750 | 3.67
42 | Aster; Koch (1974) 17 1000 794 | 750 38 2750 | 3.67
43 Bhal (1968) Bi 240 350 300 ¢ 100 900 3.00
44 Bhal (1968} B2 240 630 600 100 1800 3.00
43 Bhal (1968} B3 240 950 900 | 100 | 2700 | 3.00
46 Bhal {1968) B4 240 1250 | 1200 ¢ 100 | 3600 | 3.00
47 Bhal {1968} B3 240 630 600 | 100 | 1800 | 3.00
48 Bhal (1968) B6 240 650 600 | 100 1860 | 3.00
49 Bhal (1968) B7 240 950 900 100 2700 3.00
50 Bhal (1968) B8 240 930 900 | 100 | 2700 | 3.00
31 Bresler, Scordelis 0A-1 316 556 461 191 1753 3.80

(1963)
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561

52 Bresier, Scordelis 0A-2 305 466 | 191 2210 | 4.74
{1963)
53 Bresler, Scordelis 0A-3 307 556 462 189 3124 6.77
{1963}
54 Cederwall K., 734-34 135 260 | 234 52 800 3.42
Hedman O., Losberg
A. (1974)
55 Chana (1981) 37623 203 406 | 336 | 100 | 1068 | 3.00
56 Chana (1981) 37654 203 406 | 356 | 100 | 1068 | 3.00
57 Chana (1981) 37682 203 406 356 100 1068 3.00
58 Collins, Kuchma B100 300 1000 | 925 | 150 | 2701 | 2.92
(1999
59 Collins, Kuchma B10CH 300 1000 | 925 | 150 | 27061 | 2.92
(1999)
60 Collins, Kuchma B100B 300 1000 | 925 | 150 | 2701 | 2.92
{1999)
61 Collins, Kuchma B100L 300 1060 | 925 | 150 | 2701 | 2.92
{1999)
62 Collins, Kuchma B100-R 300 1000 | 925 | 150 | 2701 | 2.92
(1999)
63 Collins, Kuchma B100L-R 300 1000 | 925 | 150 ¢ 2701 | 2.92
{1999)
64 Diaz de Cossio, Siess A2 152 305 | 234 ¢ 102 762 3.00
{1960)
65 |Diaz de Cossio, Siess A3 152 305 254 | 102 1016 | 4.00
(1960)
66 |Diaz de Cossio, Siess A-12 152 305 254 i62 762 3.00
(1960)
67 |Diaz de Cossio, Siess A-13 152 305 254 102 1016 4.00
{1960)
68 |Diaz de Cossio, Siess A-14 152 305 | 254 | 102 | 1270 | 5.00
(1960)
69 Elzanaty, Nilson, Fli 178 305 | 270 70 1080 | 4.00
Slate (1986)
70 Elzanaty, Nilson, F2 178 305 | 268 73 1073 | 4.00
Slate {1986)
71 Elzanaty, Nilson, F10 178 305 | 267 76 1067 | 4.00
Slate (1936)
72 | Elzanaty, Nilson, Fo 178 | 305 | 268 | 73 | 1073 | 4.00
Slate (1986)
73 Elzanaty, Nilson, Fis 178 305 268 73 1073 | 4.00
Slate (1986)
74 Elzanaty, Nilson, F6 178 305 268 73 1610 | 6.00
Slate (1986)
75 Elzanaty, Nilson, Fil 178 305 270 70 1080 4.00
Slate (1986)
76 Elzanaty, Nilson, F12 178 305 | 268 73 1073 | 4.60
Slate (1986)
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77

Elzanaty, Nilson,
Slate (1936)

F8

178

305

273

64

1092

4.00

78

Elzanaty, Nilson,
Slate (1986)

F13

178

305

270

70

1080

4.00

79

Elzanaty, Nilson,
Slate (1986)

Fl4

178

305

268

73

1073

4.00

80

Feldman, Siess
(1955)

L-2A

152

305

252

105

762

3.02

g1

Feldman, Siess
{1955}

152

305

252

1016

4.02

82

Feldman, Siess
{1955)

152

305

252

105

1270

5.03

&3

Feldman, Siess
{1955)

L-3

152

303

252

105

1524

6.04

84

Ferguson .M.
(1956)

F2

101

210

189

41

610

3.23

85

Ferguson P.M.,
Thompson N.J.
(1953)

Al

102

241

210

64

711

86

Ferguson P.M.,
Thompson N.T.
{1953)

A2

102

241

210

64

711

339

87

Ferguson P.M.,
Thompson N.J.
(1953)

A3

102

241

210

64

i1

3.39

88

Ferguson P.M,,
Thompson N.T.
(1953}

Ad

102

241

210

64

711

3.39

89

Ferguson P.M.,
Thompson N.I.
(1933)

AS

102

241

210

64

711

339

90

Ferguson P.M.,
Thompson N.J.
(1933)

Ab

102

24]

210

64

711

3.39

91

Ferguson P.M.,
Thompson N.J.
(1953)

D1

178

241

210

64

711

3.39

92

Ferguson P.M.,
Thompson NI
(1953)

B2

178

241

210

64

711

3.39

93

Ferguson P.M,,
Thempson N.J.
{1953)

N1

108

191

178

25

711

4.00

94

Ferguson P.M.,
Thompson N.J.
{1953)

N2

108

191

178

25

711

4.00
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711

05 Ferguson P.M.,
Thompson N.J.
{1953)
96 Ferguson P.M., Bl 102 241 210 64 711 3.39
Thompson N.J.
(1953)
97 Ferguson P.M., B2 102 241 210 64 711 3.39
Thompson N_J,
{1953)
98 Ferguson P.M., B3 102 241 210 64 711 3.39
Thompson N.J.
(1953)
99 Ferguson P.M., B4 102 241 210 64 711 3.39
Thompson N.J.
(1953)
100 Ferguson P.M., B5 102 241 210 64 711 3.39
Thompson N.J.
(1953)
101 Ferguson P.M., Ct 102 241 210 64 711 3.39
Thompson N L.
(1953)
102 Ferguson P.M,, Cc2 102 241 210 64 711 339
Thompson N.J.
{1953)
103 Ferguson P.M.,, L1 108 191 159 64 711 4.48
Thompson N.J.
(1953)
104 Ferguson P.M,, L3 108 191 159 64 711 4.48
Thompson N.J.
{1953)
105 | Grimm, R. (1997) si.1 300 200 153 94 570 3.73
106 | Grimm, R. (1997} sl.2 300 200 152 96 570 375
107 | Grimm, R. (1997) st.3 300 200 146 | 108 570 3.90
108 | Grimm, R. (1997) §2.2 300 400 | 348 | 104 | 1230 | 3.53
109 | Grimm, R. (1997) §2.3 300 400 | 348 | 104 § 1230 | 3.53
110 | Grimm, R. (1997) s2.4 300 400 | 328 | 144 | 1230 | 3.75
111 | Grimm, R. (1997) 83.2 300 8060 | 718 | 164 | 2630 | 3.66
112 | Grimm, R. {1997) $3.3 300 800 | 746 | 108 | 2630 | 3.53
113 | Grimm, R. {1997) s3.4 300 800 | 690 | 220 | 2630 | 3.81
114 | Grimm, R. (1997) s4.1 300 200 153 94 570 3.73
115 | Grimum, R. (1997) s4.2 300 200 152 96 570 3.75
116 | Grimm, R. (1997) s4.3 300 200 146 | 108 570 3.90
117 Hallgren (1994) B90SB13-2- | 163 233 192 82 700 3.65
' 86
118 Hallgren (1994) BO0SB14-2- | 158 235 194 82 700 3.61
86 '
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H.J, Kwan AK.H,
{1998}

Hallgren (1994) BS0SB22-2
85
120 Hallgrer (1994) | B918C2-2-62| 155 237 196 82 700 3.57
121 Haligren (1994) {B91SC4-2-69 156 236 165 32 700 3.59
122 Hallgren (1994) BS0SB17-2- | 157 - 232 191 82 700 3.66
45
123 Hallgren {1994) B90SB18-2- | 155 235 194 82 700 3.61
45
124 Hallgren (1994) B90SB21-2- | 155 235 194 82 700 3.61
85
125 Hallgren (1994) | B91SCI1-2-62| 156 234 193 82 700 3.63
| 126 Hallgren (1994) |B%1SDI1-4-61{ 156 247 194 | 106 700 3.61
127 Hallgren (1994) [ B91SD2-4-61| 156 248 195 | 106 700 3.59
128 Hallgren (1994) | B91SD3-4-66| 156 248 195 | 106 700 3.59
129 Hallgren (1994) |B91SD4-4-66: 155 248 195 | 106 700 3.59
130 Haligren (1994) | B91SD5-4-58| 1356 249 196 | 106 700 3.57
131 Hallgren (1994) |B21SD6-4-581 150 249 196 | 106 700 3.57
132 Hallgren (1994) | B90SB5-2-33| 156 232 191 82 700 3.66
133 Hallgren (1994) | BR0SB6-2-33 ] 156 235 194 | 82 700 3.61
134 Hailgren (1994) | B90SB9-2-31| 156 233 192 82 700 3.65
135 Hallgren (1994) BO0OSBIO-2- | 157 234 193 82 700 3.63
31
136 Hallgren (1996) B3 262 240 2087 64 550 2.64
137 Hallgren (1996) B5 283 240 | 211 58 550 2.61
138 Hallgren (1996) B7 337 240 | 208 | 64 550 2.64
139 Hamadi; Regan Gl 100 400 | 370 60 1255 | 3.39
(1930)
140 Hamadi; Regan G2 100 400 | 372 56 1255 | 3.37
(1980) :
141 Hamadi; Regan G4 - 100 400 | 372 | S6 2195 | 590
{1980)
142 | Hanson J.A. (1958) 8A-X 152 305 | 267 | 76 660 2.48
143 | Hanson J.A. (1958) 8A 152 305 | 267 | 76 660 2.48
144 | Hanson J.A. (1938) 8B 152 305 | 267 | 76 660 2.48
145 | Hanson LA, (1958) 3C 152 305 | 267 | 76 660 2.48
146 | Hanson J.A. (1958) 8D 152 305 | 267 | 76 660 2.48
147 Hanson (1961) 8A4 152 305 | 267 | 76 1321 | 4.95
148 Hanson (1961) 8B4 152 305 1 267 | 76 1321 | 4.95
149 Hanson (1961) 8BW4 152 305 | 207 | 76 1321 | 4.95
150 Hanson (1961) iB2 152 305 | 267 | 76 1321 | 4.95
151 Hanson (1961) 8B3 152 305 | 267 | 76 660 248
152 | Islam M.S., Pam M100-S0 150 250 | 203 94 800 3.94
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153

Istam M.S., Pam
H.J., Kwan A K.H.
{1998)

M100-S1

150

250

203

94

600

2.96

154

Islam M.S., Pam

FLT., Kwan AK.H.

(1998)

Mi00-53

150

250

203

94

600

2.96

155

Islam M.S., Pam

H.J, Kwan AKH.

(1998)

MI100-54

150

250

203

94

800

3.94

156

Islam M.S., Pam

H.J., Kwan A.KH.

(1998)

MEO-S0

150

250

203

94

800

3.94

157

Islam M.S., Pam

H.I, Kwan A K H.

(1998)

MB80-51

150

250

203

94

600

2.56

158

Islam M.S., Pam
H.J., Kwan A K.H.
(1998)

M80-53

150

250

203

94

600

2.96

159

Islam M.S., Pam

H.J., Kwan A K.H.

(1998)

M30-54

150

250

203

94

800

3.94

160

Islam M.S., Pam

H.J, Kwan AKX H.

(1998)

M60-50

150

250

207

86

800

3.86

161

Islam M.S., Pam
H.J., Kwan A X.H.
(1998)

M60-51

150

250

207

86

600

250

162

Islam M.S., Pam
H.J., Kwan A K.H.
{1998)

M60-83

150

250

207

86

640

2.90

163

Islam M.S., Pam
H.J., Kwan A K.H.
{1998)

M60-54

150

250

207

86

800

3.86

164

Islam M.S., Pam

H.J., Kwan AK.H.

(1598)

M40-50

150

250

205

50

800

3.90

165

Islam M.S,, Pam

H.J., Kwan A K.H.

(1998)

M40-51

150

250

205

90

600

2.93

166

Islam M.S., Pam

H.J., Kwan A K.H.

(1998)

M40-83

150

250

205

%0

600

2.93

167

Islam M.S., Pam
H.J., Kwan A K.H.
(1998)

M25-50

150

250

207

86

800

3.86

168

Islam M.S., Pam
H.J., Kwan A.K.H.
(1998)

M25-83

150

250

207

86

600

2.90
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ani (1967)
170 Kani (1967) 3045 155 1219 | 1092 | 254 | 5461
171 Kani (1967) 3046 155 1219 | 1097 | 244 | 7681 7.06
172 Kani (1967) 3047 155 1219 § 1095 | 249 | 8758 | 8.00
173 Kani {(1967) 63 154 610 543 | 134 | 2170 | 4.00
174 Kani {1967) 64 156 610 541 138 | 4340 | 8.03
175 Kani {1967) 66 156 610 541 137 | 3285 | 6.0
176 Kani (1967) 79 153 610 556 | 107 | 3805 : 6.84
177 Kani (1967) 1 152 610 524 | 171 1631 3.11
178 Kani (1967) 71 155 610 544 | 131 1628 | 2.99
179 Kani (1967) 272 611 305 271 68 i359 | 5.02
180 Kani (1967) 273 612 305 271 67 1087 | 4.01
181 Kani (1967) 274 612 305 270 69 815 3.02
182 Kani (1967) 52 152 152 138 28 544 3.93
183 Kani (1967) 48 151 152 133 38 678 5.09
184 Kani (1967) g1 153 305 274 61 1628 | 5.93
183 Kani (1967) 84 151 305 271 68 1085 | 4.00
186 Kani (1967) 96 153 303 275 39 1085 | 3.94
187 Kani (1967) 83 i56 308 271 67 814 3.00
188 Kani (1967) 97 152 305 276 57 815 2.95
189 Kani {1967) 3043 154 1219 | 1092 | 254 | 3277 | 3.00
190 Kani (1967) 56 153 152 137 30 476 346
191 Kani (1967) 58 152 152 138 28 476 344
192 Kani (1967) 60 155 152 139 27 407 2.93
193 Kani (1967) 91 154 303 269 72 1628 | 6.06
194 Kani (1967) 92 152 305 270 70 1899 | 7.03
195 Kani (1967) 41 152 152 141 22 340 2.41
196 Kani (1967) 59 154 152 140 25 373 2.67
197 Kani (1967) 63 150 610 552 | 114 1359 | 2.46
198 Kani (1967) 95 153 305 275 359 678 2.47
199 Kani (1967) 98 153 305 275 60 679 2.47
200 Kani (1967) 99 152 305 272 66 679 2.50
201 Kani (1967) 3042 154 1219 1 1095 | 249 | 2737 | 2.50
202 | Krefeld, Thursion 11A2 152 381 314 | 134 851 2,71
{1966)
203 | Krefeld, Thurston 12A2 152 305 238 | 135 851 3.58
(1966)
204 | Krefeld, Thurston 18A2 152 331 316 130 851 2.69
(1966)
205 | Krefeld, Thurston 1882 i32 381 316 | 130 851 2.69
(1966)
206 | Krefeld, Thurston 18C2 152 381 316 | 130 851 2.69
{1966)
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207 | Krefeld, Thurston 18D2 152 381 316 | 130 851 2.69
{1966)

208 | Krefeld, Thurston 16A2 152 305 240 | 130 851 3.55
{1966)

209 | Krefeld, Thurston 17A2 152 305 243 124 851 3.50
(1966)

210 Krefeld, Thurston JAC 152 305 256 90 1156 4.52
{1966)

211 Krefeld, Thurston 3CC 152 305 256 59 1461 572
(1966)

212 Krefeld, Thurston JAAC 152 305 256 59 851 3.33
(1966) *

213 | Krefeld, Thurston 4AAC 152 305 234 ¢ 102 851 3.35
(1966)

214 Krefeld, Thurston SAAC 152 305 232 105 851 3.37
(1966)

215 | Krefeld, Thurston 6AAC 152 305 250 | 109 851 3.40
{1966)

216 Krefeld, Thurston 3AC 152 305 236 99 1156 4,52
(1966)

217 | Krefeld, Thurston 4AC 152 305 254 102 1156 4.55
(1966)

218 | Krefeld, Thurston 5AC 152 303 252 | 103 1156 | 4.58
(1966)

219 | Krefeld, Thurston 6AC 152 305 250 | 109 1156 | 4.61
(1966)

220 | Krefeld, Thurston 4CC 152 308 254 | 102 1461 5.75
{1966)

221 | Krefeld, Thurston 5CC 152 305 252 | 105 1461 5.78
(1966) .

222 | Krefeld, Thurston 6CC 152 305 250 | 109 | 1461 5.83
(1966) -

223 | Krefeld, Thurston C 203 533 483 102 1461 3.03
{1966)

224 | Krefeld, Thurston OCA 152 305 254 | 102 1461 5.75

(1966)

225 | Krefeld, Thurston OCB 152 305 254 | 102 1461 5,75
(1966)

226 | Krefeld, Thurston OCA 254 508 456 | 105 1765 | 3.87
(1966)

227 Krefeld, Thurston OCB 254 508 456 105 1765 3,87
(1966)

228 | Krefeld, Thurston 15A2 152 381 316 | 130 914 2.89
(1966}

229 Krefeld, Thurston 15B2 152 381 316 130 914 2.89
{1966)

230 | Kulkarni S.M., Shah| B4JL20-§ 102 178 152 52 760 5.00

S.P. (1998)
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| Kulkarni S.M., Sha
S.P. (1998)
232 | Kuvlkarni S.M., Shah | B3NO30-8 102 178 152 52 532 3.50
S.P. (1998)
233 Kiing (1985) C 140 230 | 200 60 500 2.50
234 King (1985) D 140 230 | 200 60 500 2.50
235 Kiing (19835) E 140 230 200 60 500 2.50
236 Kiing {1983) F 140 230 200 60 500 2.50
237 Kiing (1985) E-1 140 230 200 60 500 2.50
238 |Lambotte H., Taerwe| NS8-0.97 200 450 415 70 1250 3.01
L.R. (1990)
239 |Lambotte H., Taerwe| NS-1.45 200 450 415 | 70 1250 | 3.0t
LR (1990 '
240 | Laupa, Siess (1953) S2 152 303 269 72 1295 | 4.82
241 | Laupa, Siess (1953) 53 152 305 265 79 1295 | 4.89
242 | Laupa, Siess {1953) 54 152 305 263 g3 1295 | 492
243 | Laupa, Siess {1953) S5 152 305 262 86 1295 | 495
244 | Laupa, Siess {(1953) S11 152 305 267 76 1295 | 4.85
245 | Laupa, Siess (1953) S13 152 305 262 86 1295 | 495
246 | Leonhardt {1962) P8 302 168 148 40 490 3.31
247 | Leonhardt (1962) P9 300 166 146 40 490 3.36
248 | Leonhardt (1962) 51 190 320 270 | 100 8§10 { 3.00
249 | Leonhardt (1962) 5r 190 320 270 | 100 810 3.00
250 | Leonhardt (1962) 6l 190 320 270 | 100 | 1100 | 4.07
251 | Leonhardt (1962} 6r 190 320 270 | 160 | 1100 | 4.07
252 | Leonhardt {1962) 7-1 160 320 278 84 1390 | 5.00
253 | Leonhardt (1962) 7-2 190 320 278 84 1390 | 5.00
254 | Leonhardt {1962) 8-1 190 320 | 278 84 1668 | 6.00
255 | Leonhardt (1962) 8-2 190 320 274 92 1644 | 6.00
256 | Leonhardt (1962) D2/ 100 160 140 40 420 3.00
257 | Leonhardt (1962) D2/2 100 160 140 40 420 3.00
258 | Leonhardt (1962) D3/1 150 240 210 60 630 3.00
259 | Leonhardt (1962) D3/2] 150 240 210 60 630 3.00
260 | Leonhardt (1962) D3/2r 150 240 210 60 630 3.60
261 | Leonhardt (1962) D4/1 200 320 280 80 840 3.00
262 | Leonhardt (1962} Da/21 200 320 280 80 840 3.00
263 | Leonhardt (1962) D4/2r 200 320 280 80 840 3.00
264 ¢ Leonhardt {1962) Cl 100 180 150 60 450 3.00
265 1 Leonhardt (1962) C2 150 330 300 60 900 3.00
266 | Leonhardt (1962) C3 200 300 450 1 100 | 13350 | 3.00
267 | Leonhardt (1962) C4 225 670 600 | 140 | 1800 | 3.00
268 | Leonhardt (1962) Pi2 501 162 142 40 350 | 246
269 | Leonhardt (1962) 4] 190 320 270 | 100 670 2.48
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100

248

270 | Leonhardt (1962) T

271 | Leonhardt (1962) EAl 190 320 | 270 ¢ 100 730 2.78

272 Leonhardt (1962) EAZ 190 320 270 100 750 2.78

273 Marti; Pralong; PStl 400 180 162 36 640 3.95

Thiirlimann (1977)

274 | Mathey, Watstein {Ha- 17 203 457 1 403 | 109 | 1524 | 3.78
{1963)

275 | Mathey, Watstein Tia-18 203 | 457 | 403 | 109 | 1524 | 3.78
(1963)

276 | Mathey, Watstein Va-19 203 457 403 109 ) 1524 | 3.78
{1963) ‘

277 | Mathey, Watstein Va-20 203 457 1 403 | 109 | 1524 | 3.78
(1963)

278 | Mathey, Watstein Via-24 203 457 403 | 109 | 1524 | 3.78
(1963)

279 | Mathey, Watstein Via-25 203 457 | 403 | 109 | 1524 | 3.78
{1963)

280 | Mathey, Watstein VIb-21 203 457 1 403 | 109 | 1143 | 2.84
{1963)

281 | Mathey, Watstein VIb-22 203 457 | 403 | 109 | 1143 | 2.84
{1963)

282 | Mathey, Watstein VIb-23 203 | 457 | 403 | 109 | 1143 | 2.84
(1963)

283 | Moody K.G. {1954) Al 178 305 | 262 86 775 2.96

2834 | Moody K.G. (1954) A2 178 305 267 76 775 2.90

285 | Moody K.G. (1954) A3 178 305 | 268 74 775 2.89

286 | Moody K.G. (1954) A4 178 | 305 | 270 | 70 | 775 | 2.87

287 | Moody K.G. (1954) Bl 178 305 267 76 775 290

288 | Moody K.G. (1954) B2 178 305 268 74 775 2.89

289 | Moody K.G. (1954) B3 178 | 305 | 270 | 70 | 775 | 2.87

290 | Moody K.G. (1954) B4 178 305 272 67 775 2.85

291 | Moody K.G. {1954) i 152 305 | 268 73 914 341

292 | Moody K.G. {1954) 2 152 305 | 268 73 914 341

293 | Moody K.G. (1954) 3 152 305 268 73 914 341

294 | Moody K.G. (1954) 4 152 305 | 268 73 914 341

295 | Moody K.G. (1954) 5 152 305 268 73 914 3.41

296 | Moody K.G. (1954) 6 152 305 268 73 914 341

297 | Moody K.G. (1954) 7 152 305 268 3 914 341

298 | Moody K.G. (1954) 9 152 | 305 | 268 | 73 | 914 | 3.4l

299 | Moody K.G. (1954) 10 152 305 | 268 73 914 341

300 | Moody K.G. (1954) il 152 305 268 73 914 341

301 : Moody K.G. (1954) 12 152 305 268 73 914 3.41

302 | Moody K.G. (1954) 14 152 305 | 268 73 914 | 3.4

303 | Moody K.G. (1954) i5 152 305 268 73 914 3.41

304 | Moody K.G. (1954) 16 152 305 268 73 914 3.41
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305 Morrow, Viest 305 406 368 76 i511 4,10
(1957)

306 Morrow, Viest B56 A4 305 406 | 375 64 1511 | 4.03
(1957)

307 Morrow, Viest B56 B4 305 406 | 308 76 1511 | 4.10
(1957)

308 Morrow, Viest Bs6 E4 305 406 | 368 | 76 1511 | 4.10
(1957)

309 Morrow, Viest B56 A6 308 406 | 356 | 102 | 1511 | 4.23
{1957)

310 Morrow, Viest B36 Bé 305 406 | 372 | 70 1511 | 4.07
(1957)

311 Morrow, Viest B70 B2 305 406 | 365 82 1867 | 5.11
(1957)

312 Morrow, Viest B70 A4 305 406 368 76 1867 5.07
{1957)

313 Morrow, Viest B70 A6 305 406 | 356 | 102 | 1867 | 3.25
{1957) _

314 Morrow, Viest B84 B4 305 406 | 363 86 2222 | 6.11
{1957)

315 Morrow, Viest B40 B4 305 406 | 368 1+ 76 1105 | 3.00
(1957)

316 | Mphonde, Frantz AO-3-3b 152 337 ¢ 298 76 1041 | 3.49
(1984)

317 | Mphonde, Frantz AO-3-3c 152 337 | 298 76 1041 | 3.49
(1984)

318 | Mphonde, Frantz AO-7-3a 152 337 | 298 76 1041 | 3.49
(1984

319 | Mphonde, Frantz AQ-7-3b 152 337 | 298 76 1041 | 3.49
{1984) :

320 | Mphonde, Frantz AQG-11-3a i52 337 | 298 76 1041 | 349
(1984) :

321 | Mphonde, Frantz AO-11-3b 152 337 1 298 ¢ 76 041 | 349
(1984)

322 | Mphonde, Frantz AO-15-3a 152 337 | 298 76 1041 | 3.49
(1984)

323 | Mphonde, Frantz AO-15-3b 152 337 | 298 76 1041 | 3.49
(1984)

324 | Mphonde, Frantz AO-15-3¢ 152 337 | 298 76 1041 | 3.49
(1984)

325 | Mphonde, Frantz AQ-3-2 152 | 337 | 298 | 76 721 241
{1984

326 | Mphonde, Frantz AOQ-T7-2 152 337 | 298 | 76 721 241
{1984)

327 | Mphonde, Frantz AO-112 152 337 | 298 76 721 24]
{1984)

328 ;| Mphonde, Frantz AQ-15-2a 152 337 | 298 76 721 2.41
(1984) 3
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329 | Mphonde, Frantz AQD-15-2b 152 337 | 298 76 721 241
{1984)
330 | Podgorniak-Stanik BRL1GO 300 1000 | 925 | 150 | 2663 | 2.88
B.A.(1998)
331 | Podgorniak-Stanik BN100 300 1000 | 925 150 2663 2.88
B.A. (1998)
332 | Podgorniak-Stanik BH100 300 1000 | 925 | 150 | 2663 | 2.88
B.A. (1998)
333 | Podgorniak-Stanik BN3O 300 500 450 100 1313 2.92
B.A. (1998)
334 | Podgorniak-Stanik BH50 300 500 | 450 | 100 [ 1313 | 2.92
B.A.(1998)
335 | Podgomiak-Stanik BN23 300 250 ;225 50 664 2.95
B.A. {1998) '
336 | Podgorniak-Stanik BN12.5 300 125 110 30 326 2.96
B.A.{1998)
337 Rajagopalan; S-13 152 311 | 265 92 1118 | 4.22
Ferguson (1968)
338 Rajagopalan; S-1 154 311 259 | 105 | 1016 | 3.93
Ferguson (1968) ]
339 Rajagopalan; 5-2 154 31t | 265 92 1016 | 3.83
Ferguson (1968)
340 Rajagopalan; 5-3 152 31 267 39 1118 | 4.19 |
Ferguson (1968)
341 Rajagopalan; S-4 152 311 268 86 1118 | 4.17
Ferguson (1968)
342 Rajagopalan; S-3 152 311 262 99 1118 | 427
Ferguson (1968)
343 Rajagopalan; S-9 152 1 311 | 262 | 99 | 1118 | 4.27
Ferguson (1968)
344 Rajagopalan; S-6 151 311 267 87 1118 | 4.18
Ferguson (1968)
345 Rajagopalan; 8-7 152 311 268 86 1118 | 4.17
Ferguson (1968)
346 Rajagopalan; S-12 153 311 | 268 85 1118 | 4.16
Ferguson {1968}
347 Reineck; Koch; N8 5060 250 226 48 791 3.50
Schlaich (1978)
348 Reineck; Koch; N6 500 250 | 226 48 565 2.50
Schlaich (1978)
349 Reineck; Koch; N7 500 250 225 50 563 2.50
Schlaich (1978)
350 Remmel (1991} sl 1 150 200 165 70 660 4.00
351 Remmel (1991) sl 2 150 200 165 70 505 3.06
352 Remmei (1991) st 4 150 200 160 80 640 4.00
353 Remmei (1991) st 5 150 200 160 80 490 3.06
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354 Ruesch, Haugli X 90 134 111 46 400 3.60
(1962)
355 Ruesch, Haugli Y 120 229 199 60 717 3.60
{1962)
356 Ruesch, Haugli Z 180 302 | 262 80 947 3.62
(1962)
357 Scholz (1994) A-2 200 400 372 56 1116 3.00
358 Scholz {1994) D-2 200 400 | 362 76 1086 | 3.00
359 Scholz {1994) D3 200 400 | 362 76 1448 | 4.00
360 Taylor (1968) 1A 203 406 | 370 73 1118 | 3.02
361 Taylor (1968} 2A 203 406 370 73 1118 3.02
362 Taylor {1968) 1B 203 406 | 370 73 1118 | 3.02
363 Taylor (1968) 2B 203 406 370 73 1118 3.02
364 Taylor (1968) 3B 203 406 | 370 73 1118 | 3.02
365 Taylor (1968) SA 203 406 | 370 73 914 2.47
366 Taylor (1968) 5B 203 406 370 73 914 2.47
367 Tayltor (1972) B1 200 500 1 463 70 1395 | 3.00
368 Taylor (1972) B2 200 500 | 465 70 1395 | 3.00
369 Taylor (1972) B3 200 500 | 465 70 1395 | 3.00
370 Taylor (1972) Al 400 1000 | 930 | 140 | 2790 | 3.00
371 Taylor (1972) A2 400 100G | 930 | 140 | 2790 | 3.00
372 Thorenfeldt, Bl 150 | 250 221 58 663 3.00
Drangshold {1990)
373 Thorenfeldt, BI13 150 250 | 207 86 828 4.00
Drangshold (1990) :
374 Thorenfeldt, B14 150 250 | 207 86 621 3.00
Drangshold (1990)
375 Thorenfeldt, B21 150 250 221 58 663 3.00
Drangshold {1990)
376 Thorenfeldt, B23 150 250 207 86 828 4.00
Drangshold (1990)
377 Thorenfeldt, B24 150 250 207 86 621 3.00
Drangshold (1990)
378 Thorenfeidt, B33 150 250 207 86 828 4.00
Drangshold {1990)
379 Thorenfeldst, B34 150 250 207 86 621 3.00
Drangshold (1990)
380 Thorenfeldt, B43 150 250 | 207 86 828 4.00
Drangshold (1990)
381 Thorenfeldt, Bd4 150 250 207 86 621 3.00
Drangshold (1990)
382 Thorenfeldt, Bs51 150 250 | 221 58 663 3.00
Drangshold {1990)
383 Thorenfeldt, BS3 150 250 | 207 86 828 4.00
Drangshold (1990)
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384 Thorenfeldt, B54 150 250 | 207 86 621 3.00
Drangshold (1990) :
385 Thorenfeldt, Bé61 300 500 | 442 | 116 | 1326 | 3.00
Drangshold (1990)
386 Thorenfeldt, B63 300 500 | 414 172 | 1656 | 4.00
Drangshold (1990)
387 Thorenfeldt, B64 300 500 | 414 | 1792 | 1242 | 3.00
Drangshold {1990)
388 Walraven {1978} A2 200 450 420 60 1260 3.00
389 | Walraven (1978) A3 200 756 ¢ 720 | 60 2160 | 3.00
390 Xie, Ahmad, Yu NNN-3 127 254 | 216 | 76 648 3.00
{1994) .
391 Xie, Ahmad, Yu NHN-3 127 254 216 76 648 3.00
(1994)
392 | Yoon, Y.S.; Cook, NI-S 375 750 653 190 2113 3.23
W.D.; Mitchel], D.
{1996)
393 | Yoon, Y.8.; Cook, MI-S 375 750 655 190 2113 3.23
W.D.; Mitchell, D.
(1996)
394 & Yoon, Y.8.; Cook, HI1-8 375 750 | 655 | 190 | 2113 | 3.23
W.D.; Mitchell, D.
{1996)
395 | YoshidaY., Bentz YB2000/0 300 2000 | 1890 | 220 5405 2.86

E., Collins M. (Z000)
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1 Adebar P, STl 50 1.6 0.0005 536 109 169 0.2
Collins M.P. |
(1996)
2 Adebar P., 512 50 1.6 0.0004 536 109 169 0.2
Collins M.P.
(1996)
3 Adebar P, ST3 47 1.9 (.0004 536 118 160 0.2
Collins M.P.
(1996)
4 Adebar P., ST8 44 1.9 0.0003 536 118 160 0.2
Collins M.P.
(1996)
5 Adebar P, ST1é 49 3.0 .0003 536 88 90 0.1
Collins M.P.
{1996)
6 Adebar P., ST23 36 1.0 0.0006 536 91 187 0.3
Collins M.P.
(1996)
7 Ahmad, Kahloo Al 59 3.9 0.0603 414 109 94 0.1
(1986)
8 Ahmad, Kahloo A2 59 3.9 0.0004 414 109 94 0.1
(1986)
9 Ahmad, Kahloo A3 59 39 0.0004 414 109 G4 0.1
(1986)
10 ! Ahmad, Kahloo AB 59 1.8 0.0006 414 85 123 0.2
(1986)
11 | Ahmad, Kahloo Bi 65 5.0 0.0002 414 117 85 0.1
{1986)
12 | Ahmad, Kahloo B2 65 5.0 0.0003 414 117 83 0.1
(1986)
13 | Ahmad, Kahioo B3 65 5.0 0.0005 414 117 85 0.1
{1986)
14 | Ahmad, Kahloo B7 65 2.2 0.0004 414 93 115 0.2
(1986)
15 | Ahmad, Kahloo B8 65 2.2 0.0005 414 93 115 0.2
(1986)
16 | Ahmad, Kahloo B9 65 22 0.0008 414 93 115 0.3
(1986)
17 | Ahmad, Kahloo Cl 63 6.6 0.0002 414 116 68 0.1
{1986}
18 | Ahmad, Kahloo 2 63 6.6 0.0003 414 116 63 0.1
{1986)
19 | Ahmad, Kahloo C3 63 6.6 0.0003 414 116 68 0.1
(1986)
20 | Ahmad Kahloo C7 63 33 0.0003 414 105 102 0.1
(1986)
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Ama, ahloo
(1986)

22

Ahmad, Kahloo
(1986)

C9

63

0.0003

414

103

102

0.1

23

Al-Alusi AF.
(1957)

5

24

2.6

0.0003

366

60

67

0.1

24

Al-Alusi AT,
(1957}

10

27

2.6

0.0003

366

60

67

0.1

25

Al-Alusi A L.
(1957)

11

27

2.6

0.0004

366

60

67

0.1

26

Al-Alusi AF.
(1957)

18

26

2.6

0.0003

366

60

67

0.1

27

Angelakos D,
Bentz E. C.,
Collins M. P. (}

DB120

20

1.0

0.0004

550

304

621

0.6

28

Angelalkos D,
Bentz E. C.,
Collins M. P. (}

DE130

30

1.0

0.0004

550

304

621

0.6

29

Angelakos D,
Bentz E. C.,
Collins M. P. ()

DB140

36

1.0

0.0004

5350

304

621

0.6

30

Angelakos D,
Bentz E. C.,
Collins M. P. {)

DB165

62

1.0

0.0004

350

304

621

0.6

31

Angelakos D,
Bentz E. C. |
Collins ML P. ()

DBi86

76

1.0

0.0003

550

304

621

0.6

32

Angelakos D.,
BentzE. C.,
Collins M. P. ()

DB230

30

2.1

0.0003

550

389

506

0.4

33

Angelakos D.,
Bentz E. C.,
Collins M. P.

(2000)

DBO330

30

0.5

0.0006

550

228

697

1.0

34

Aster; Koch
{(1974)

26

0.6

0.0007

554

68

182

0.4

35

Aster; Koch
{1974)

L)

26

0.9

0.0005

535

79

171

36

Aster; Koch
(1974)

0.6

0.0005

536

135

365

0.5

37

Aster; Koch
{1974)

0.6

0.0004

536

135

0.4

38

Aster; Koch
(1974)

10

0.6

0.0004

536

135

365

04

39

Aster; Koch
(1974)

11

0.5

0.0006

118

382

0.6
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40 Aster; Koch 12 26 0.7 0.0005 | 533 138 362 0.5
(1974)
41 Aster; Koch 16 29 04 6.0007 536 171 579 1.0
{(1974)
42 Aster; Koch i7 27 0.4 0.0006 536 171 579 0.9
{(1974)
43 Bhal {(1968) Bl 22 1.3 (.0004 434 108 192 0.2
44 Bhal (1968) B2 28 1.3 0.0004 | 434 213 383 0.4
45 Bhal (1968) B3 26 1.3 0.0003 434 323 577 0.5
46 Bhal (1968) B4 24 1.3 0.0003 434 431 769 0.6
47 Bhal (1968) B3 25 0.6 0.0006 { 434 162 438 0.7
48 Bhat (1968) Bé6 23 0.6 0.0007 | 430 162 438 0.8
49 Bhal (1968) B7 26 0.6 0.0005 434 244 656 0.9
50 Bhal (1968) B8 . 26 0.6 0.0005 | 430 244 636 0.8
51 Bresier, 0A-1 21 1.8 0.0004 555 190 271 0.3
Scordelis
{1963)
32 Bresler, 0A-2 23 2.3 0.0003 555 209 257 0.2
Scordelis
(1963)
53 Bresler, GA-3 36 2.7 1 0.0003 552 220 241 0.2
Scordelis
{1963)
54 Cederwali K., 734-34 28 1.1 0.0007 818 79 155 0.3
Hedman O.,
Losberg A.
(1974)
35 Chana (1981) 37623 37 1.7 0.0004 478 145 211 0.3
56 Chana (1981) 37654 31 1.7 0.0004 478 145 211 0.2
57 Chana (1981) 37682 34 1.7 0.0005 478 143 211 0.3
58 Collins, B100 34 1.0 0.0005 550 304 621 0.7
Kuchma {1999)
59 Collins, B10OH 93 1.0 0.0004 | 550 304 621 0.6
Kuchma (1999)
60 Collins, B100OB 37 1.0 0.0004 550 304 621 0.6
Kuchma (1999)
61 Collins, Blo0L 37 1.0 0.0004 483 304 621 0.7
Kuchma (1999)
62 Collins, BI100-R 34 1.0 0.0005 350 304 621 0.8
Kuchma (1999)
63 Collins, B100L-R 37 1.0 0.0005 433 304 621 0.7
Kuchma (1999)
64 | Diaz de Cossio, A2 30 1.0 0.0006 469 83 171 0.3
Siess (1960)
65 | Diaz de Cossio, A3 18 1.0 0.0005 452 83 171 0.2

Siess (1960)
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66

Diaz de ossié,
Siess (1960)

; 25

0.0003

124

67

Diaz de Cossio,
Siess (1960)

A-13

21

.0002

393

130

124

68

Diaz de Cossio,
Siess (1960}

A-14

26

0.0003

364

130

124

69

Elzanaty,
Nilson, Slate
{1986)

Fl

62

0.0006

434

95

175

70

Elzanaty,
Nilson, Slate
(1986)

F2

62

2.4

0.0003

434

123

145

0.2

71

Elzanaty,
Nilson, Siate
{1986)

F1o

62

32

0.0003

434

134

132

0.1

72

Elzanaty,
Nilson, Slate
(1986)

F9

75

1.6

0.0005

434

166

162

0.2

73

Eizanaty,
Nilson, Slate
(1986)

Fl5

75

24

0.0003

434

123

145

0.2

74

Elzanaty,
Nilson, Siate
{1986)

F6

60

2.4

0.0003

434

123

145 ]

0.1

75

Elzanaty,
Nilson, Slate
(1986)

Fii

20

1.2

0.0004

434

95

175

0.2

76

Eizanaty,
Nilson, Slate
(1986)

12

20

24

0.0003

434

123

145

0.1

77

Elzanaty,
Nilson, Slate
{1986)

F3

38

0.9

0.0006

434

87

186

03

78

Elzanaty,
Nilson, State
{1986)

Fi3

38

1.2

0.0005

434

95

175

0.2

79

Elzanaty,
Nilson, Slate
{1986)

Fi4

38

2.4

0.0003

123

02

80

Feldman, Siess
(1955)

L-2A

35

0.0004

129

02

81

Feldman, Siess
{1955)

L-3

27

0.0002

310

129

0.1

82

Feldman, Siess
{1953)

25

0.0002

303

129

0.1

83

Feldman, Siess
{1955)

L-5

27

0.0002

331

129

0.1
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84

. Ferguson P.M. |

(1956)

F2

28

21

0.0003

310

82

107

0.1

85

Ferguson P.M.,
Thompson N.1.
(1953)

Al

28

4.8

0.0002

276

120

90

0.1

86

Ferguson P.M.,
Thompsen N.J.
(1953)

A2

26

4.8

0.0002

276

120

90

0.1

87

Ferguson P.M.,
Thompson N.I.
(1953)

A3

4.8

0.0002

276

120

90

0.1

88

Ferguson P.M.,
Thompson N.J.
(1953)

Ad

33

4.8

0.0002

276

120

90

0.1

89

Ferguson P.M.,
Thompson N.J.
{1953)

AS

43

43

0.0002

276

126

90

0.1

90

Ferguson P.M,,
Thompson N.J.
{1953)

Ag

37

4.8

0.0002

276

120

90

0.1

91

Ferguson P.M,,
Thompson N.J.
(1953)

D1

30

2.7

0.6003

276

100

110

0.1

92

Ferguson P.M.,
Thompson N.I.
(1953)

D2

28

2.7

0.0003

276

100

110

0.1

93

Ferguson P.M.,
Thompson N.J.
(1953)

N1

20

$.0002

276

87

50

0.1

94

Ferguson P.M.,
Thompson N.J.
(1953)

N2

20

3.0

0.0003

276

87

S0

0.1

95

Ferguson P.M.,
Thompson N.J.
{1953)

N3

17

3.0

0.0002

276

87

S0

0.1

96

Ferguson P.M.,
Thompson N.J.
{1953)

Bl

34

4.8

0.00G2

276

120

90

0.1

o7

Ferguson P.M.,
Thompsont N.J,
{1953)

B2

32

4.8

0.0002

276

120

90

0.1

98

Ferguson P.M.,
Thompson N1,
(1953)

B3

38

4.8

£.0002

276

120

90

0.1

99

Ferguson P.M.,
Thompson N.J.
(1953)

B4

41

4.8

0.0003

276

120

96

0.1
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4.8

erguson P.M., BS 39 276
Thompson N.J.
(1953)
101 | Ferguson P.M., 1 32 4.8 0.0003 | 276 120 50 0.1
Thompson N.J.
{1853)
102 | Ferguson P.M., Cc2 32 4.8 0.0002 | 276 120 90 0.1
Thompson N.J.
(1953)
103 | Ferguson P.M., L1 21 3.3 0.0003 276 81 78 0.1
Thompson N.J.
(1953)
104 | Ferguson P.M., L3 21 33 0.0003 | 276 81 78 0.1
Thempson N.J. ' )
(1953)
105 Grimm, R. sl.1 86 1.3 0.0006 | 660 36 97 02
(1997)
106 Grimun, R, s1.2 87 22 0.0004 | 517 67 85 0.1
{(1997)
107 Grimm, R. s1.3 89 4.2 0.0003 | 487 80 66 0.1
(1997
108 Grimm, R. 52.2 &7 1.9 0.0006 469 145 203 0.3
{1997)
109 Grimm, R. s2.3 89 0.9 0.0007 469 111 237 0.4
(1997)
110 Grimm, R. s2.4 89 38 0.0004 | 487 174 | 154 02
(1997)
111 Grimm, R. 83.2 89 1.7 0.0004 | 487 290 | 428 0.5
(1997)
112 Grimm, R, s3.3 90 08 0.0006 | 487 226 | 520 0.8
{1997)
113 Grimm, R, s3.4 39 3.6 0.0003 | 487 360 | 330 0.3
(1997)
114 Grimm, R. s4.1 105 1.3 0.0007 | 660 56 97 02
{1997)
115 Grimm, R. s4.2 105 22 0.0005 | 517 67 83 0.1
(1997)
116 Grimum, R. 34.3 105 4.2 0.0004 ¢ 487 30 66 0.1
{1997)
117 | Hallgren (1994) | B90SB13- 82 22 $.0007 630 85 107 0.2
' 2-86
118 | Hallgren (1994) | BS0SB14- 82 2.2 0.0007 ¢ 630 86 108 02
2-86
119 | Hallgren (1994) | B90SB22- 80 2.2 0.0007 | 630 36 107 02
2-85
120 | Hallgren (1994) | B91SC2- 55 2.2 0.0006 | 443 87 109 02
2-62
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121 | Hallgren (1994) | B91SC4- | 66 22 1 0.0006 | 443 87 | 108 | 02
2-69
122 | Hallgren (1994) | B9OSBL7- | 43 2.3 | 0.0005 ] 630 85 | 106 | 02
2-45
123 | Hallgren (1994) | BO0SB18- | 43 23 1000051 630 87 | 1067 | 02
2-45
124 | Hallgren (1994) | B90SB21- | 80 23 | 0.0006 | 630 87 | 107 | 02
2-85
125 | Hallgren (1994) | B9I1SCIi- | 59 23 | 0.0006 | 443 86 | 107 | 0.2
2-62
126 | Hallgren (1994) | B9ISD1- | 58 40 100004 [ 494 105 | 89 | 0.1
4-61
127 | Hallgren (1994) | B9iSD2- | 58 40 00005 494 | 105 | 90 0.1
4-61
128 | Hallgren (1994) | B91SD3- | 62 40 00004 494 | 105 | 90 0.1
4-66
129 | Hallgren (1994) | B91SD4- | 62 40 10.0004 | 494 106 89 | 0.1
4-66
130 | Hallgren (1994) | B91SD3- | 55 39 [ 000047 494 | 106 | 90 0.1
4-58
131 | Hallgren (1994) | B9ISD6- | 55 41 | 000041 494 | 107 | 89 0.1
4-58
132 | Hallgren (1994) | B90SBS- | 31 2.3 10.0005 | 651 86 | 105 | 02
2-33
133 | Hallgren (1994) | B90SB6- 31 22 [0.0005] 651 86 | 108 | 02
2-33
134 { Hallgren (1994) | B90SBY- | 30 23 100004 | 651 8 | 106 | 0.1
2-31
135 | Hallgren (1994) | B90SB10- | 30 22 | 0.0005 | 651 85 | 108 | 0.2
2-31
| 136 | Hallgren (1996) B3 88 0.7 |0.0010 [ 632 60 | 148 | 04
137 | Hallgren (1996) B5 37 1.1 [ 00009 604 71 140 | 0.4
138 | Hallgren (1996) B7 81 0.6 |0.0012] 630 54 | 154 | 05
139 | Hamadi; Regan Gl 29 1.7 0.0004 | 400 149 221 0.3
(1980)
140 | Hamadi; Regan G2 22 1.1 | 0.0006 | 460 126 | 246 | 04
(1980)
141 | Hamadi; Regan G4 21 1.1 0.0004 | B800C 126 | 246 0.3
(1980)
142 | Hanson J.A. 8A-X 24 25 1 0.0005 [ 333 123 | 143 | 02
(1958)
143 | Hanson J.A. 8A 26 2.5 100003 333 123 | 143 7 02
(1958)
144 | Hanson J.A. 8B 35 2.5 | 0.0005 | 333 123 | 143 | 0.2
(1958)
145 |  Hanson LA. 8C 55 50 | 0.0004 | 333 155 | 112 | 0.1
(1958)
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146

Hanson J.A.
{1958}

8D

70

5.0

0.0005

333

155

112

02

147

Hanson (1961)

BA4

20

1.2

0.0004

611

95

171

0.2

148

Hanson (1961)

8B4

29

1.2

0.0005

611

93

171

0.2

149

Hansen (1961)

gBw4

28

12

0.0004

611

95

171

0.2

150

Hanson (1961)

8B2

29

2.5

0.0003

637

124

143

0.1

151

Hanson {1961)

8B3

29

1.2

0.0005

334

95

171

0.3

152

Islam M.S.,
Pam H.J., Kwan
AKH. (1998)

MI100-5S0

79

3.2

(.0004

532

103

100

0.1

Islam M S,
Pam H.J., Kwan
A K H (1998)

M100-51

79

32

0.0007

532

103

100

0.2

154

Islam M.S.,
Pam H.J., Kwan
A K.H. (1998}

M100-83

79

32

0.0006

532

103

100

0.2

155

Islam ML.S.,
Pam H.J., Kwan
AK.H. (1998)

M100-S4

79

3.2

0.0005

532

103

100

0.2

156

Islam M.S.,
Pam H.I., Kwan
AKH. (1998)

ME80-50

69

32

0.0004

532

103

100

0.1

157

Islam M.S.,
Pam H.J., Kwan
AXH. (1998)

MB80-§T

69

32

0.0007

532

103

100

0.2

158

Islam ML.S,,
Pam H.J., Kwan
AKH. (1998)

M380-53

69

32

0.0007

532

103

100

0.2

159

Islam M.S.,
Pam H.J., Kwan
AKX H. (1998)

M380-54

69

32

0.0004

532

103

160

6.1

160

Islam M.S.,
Pam H.J., Kwan
AKH. (1998)

M60-50

48

2.0

0.0004

554

89

118

0.2

161

Islam M.S.,
Pam H.JI., Kwan
AXH. (1998)

M60-81

48

2.0

0.0009

554

89

118

0.3

162

Islam M.S.,
Pam H.I., Kwan
AXH. (1998)

M60-83

48

2.0

0.0008

354

89

118

0.3

163

Islam ML.S.,
Pam H.J,, Kwan
AKH. (1998)

M60-S4

48

2.0

0.0005

89

118

02

164

Islam M.S,,
Pam H.J., Kwan
AK.H. (1998)

M40-50

33

32

0.00G3

103

102

0.1
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Islam M.S.

Pam H.J., Kwan
AXKH. (1998)
166 Islam M.S., M40-83 33 32 0.0005 320 103 102 0.2
Pam H.J., Kwan
AKH. (1998)
167 Islam M.S., M25-50 25 2.0 0.0004 | 350 89 118 0.2
Pam H.J, Kwan
AKX H. (1998)
168 Islam M.S,, M23-583 25 2.0 0.0005 330 89 118 02
Pam H.J., Kwan
AKH. (1998)
169 Kani (1967) 3044 28 2.7 0.0002 376 524 574 0.3
170 Kani (1967) 3045 27 2.7 0.0002 | " 381 520 573 0.3
171 Kani (1967) 3046 23 2.7 0.0002 360 522 575 0.3
172 Kani (1967) 3047 25 2.7 0.0002 ¢ 376 520 575 0.3
173 Kani (1967) 63 25 28 0.0002 | 352 261 282 0.2
174 Kani (1967) 64 24 2.8 0.0002 352 259 282 0.2
175 Kani (1967) 66 23 2.7 0.0002 352 259 282 0.2
176 Kani (1967) 79 25 2.7 0.0002 381 263 261 0.2
177 Kani (1967) I 26 2.8 0.0003 367 254 270 0.2
178 Kani (1967) 71 26 2.7 0.0003 373 258 286 0.2
179 Kani (1967) 272 26 2.7 0.0003 | 377 129 141 0.1
180 Kani (1967) 273 26 2.7 0.0003 377 129 142 0.1
181 Kani (1967) 274 26 2.7 0.0003 377 129 141 0.2
182 Kani (1967) 52 24 2.7 0.0003 392 66 73 0.1
183 Kani (1967) 48 24 2.8 0.0003 392 64 69 0.1
184 Kani (1967) 81 26 2.8 0.0003 343 132 143 0.1
185 Kani (1967) 84 26 2.8 0.0003 342 131 140 0.1
186 Kani (1967) 96 24 2.8 0.0003 335 132 143 0.1
187 Kani (1967) 83 26 2.7 0.0003 343 130 141 0.2
188 Kani (1967) 97 26 2.7 0.0003 366 131 145 0.2
189 Kani (1967) 3043 26 2.7 0.0002 1 376 521 572 0.3
190 Kani {1967) 56 26 2.7 0.0003 403 65 72 0.1
191 Kani (i967) 38 26 2.7 0.0003 417 66 73 0.1
192 Kani (1967) 60 23 2.6 0.0004 392 66 73 0.1
193 Kani (1967} 91 26 2.7 0.0003 364 128 141 0.1
194 Kani (1967} 92 26 2.7 0.0002 369 129 141 0.1
195 Kani (1967) 41 26 2.6 0.0005 + 381 66 75 0.1
196 Kani (1967) 59 25 2.6 0.0003 392 66 74 0.1
197 Kani {1967) 63 26 2.8 0.0003 374 267 286 0.2
198 Kani (1967) 95 24 2.8 0.0004 | 338 132 143 02
199 Kani (1967) 93 25 2.7 0.0004 | 366 130 144 0.2
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142

200 Kani (1967) 99 25 2.7 0.0004 | 366 130 0.2

201 Kani (1967) 3042 25 2.7 0.0003 375 521 574 0.5

202 Krefeld, 11A2 29 3.4 0.0003 | 401 162 152 0.1
Thurston (1966)

203 Krefeld, 12A2 29 4.5 0.0002 401 134 104 0.1
Thurston (1966)

204 Krefeld, i18A2 18 2.7 0.0003 478 150 166 0.2
Thurston (1966)

205 Krefeld, 18B2 19 2.7 0.0003 | 478 150 166 0.2
Thurston (1966)

206 Krefeld, 18C2 21 2.7 100003 | 478 150 166 0.2
Thurston (1966)

207 Krefeld, 18D2 21 2.7 0.0003 | 478 150 166 0.2
Thurston (1966)

208 Krefeld, 16A2 21 1.8 0.0004 ;1 478 98 142 0.2
Thurston (1966}

209 Krefeld, 17A2 21 2.1 0.0003 | 408 106 137 0.2
Thurston (1966)

210 Krefeld, 3AC 20 2.0 0.0003 | 386 109 146 02
Thurston (1966)

211 Krefeld, 3CC 19 2.0 0.0003 | 386 109 146 0.1
Thurston (1966)

212 Krefeld, 3AAC 33 2.0 0.0004 | 386 109 146 0.2
Thurston (1966)

213 Krefeld, 4AAC 28 2.6 0.06003 401 120 134 0.2
Thurston (1966)

214 Krefeld, SAAC 31 34 0.0603 ;| 378 129 123 0.1
Thurston (1966)

213 Krefeld, 6AAC 33 4.3 0.0002 | 368 139 i1z 0.1
Thurston (1966)

216 Krefeld, 3AC 30 2.0 0.0004 | 386 109 146 0.2
Thurston (1966)

217 Krefeld, 4AC 29 2.6 0.0003 | 401 120 134 0.1
Thurston (1966)

218 Krefeld, 5AC 3 34 0.0003 . 378 129 123 0.1
Thurston (1966)

219 Krefeld, 6AC 32 4.3 0.0002 ;| 368 139 112 0.1
Thurston (1966)

220 Krefeld, 4CC 36 2.6 0.0003 401 120 134 0.1
Thurston (1966)

221 Krefeld, 5CC 36 3.4 0.0003 378 129 123 0.1
Thurston {1966)

222 Krefeld, 6CC 30 4.3 0.0002 | 363 139 112 0.1
Thurston {1966)

223 Krefeld, C 16 1.6 0.0003 | 401 188 | 295 0.3
Thurston (1966)
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Krefeld,
Thurston {1966)

OCA

225 Krefeld, OCB 37 2.6 0.0003 368 120 134 0.1
- Thurston (1966)
226 Krefeld, QCA 36 2.2 0.0003 367 203 253 0.2
Thurston (1966)
227 Krefeld, OCB 36 2.2 0.0003 366 203 233 0.2
Thurston {1966)
228 Krefeld, 15A2 19 13 0.0004 | 386 116 200 02
Thurston (1966} |
229 Krefeld, 15B2 20 i3 0.0005 | 386 116 200 0.3
Thurston (1966)
230 | Kulkarni S.M., | B4JL20-S 39 1.4 0.0005 518 57 95 02
Shah S.P.
(1998)
231 | Kulkarni S.M., | B3NOI15- 40 1.4 (.0006 518 57 95 02
Shah S.P. S
(1998)
232§ Kulkarni S.M., | B3NO30- 41 1.4 0.0006 | 518 37 95 0.2
Shah S.P. S
{1998)
233 Kiing (1985) C 19 0.6 0.0009 | 504 52 148 0.4
234 Kiing (1985) D 18 0.8 0.0007 | 497 60 140 0.3
235 Kiing (1985) E 18 1.1 0.0008 | 492 68 132 03
236 Kiing (1985) F 18 1.8 0.0006 | 307 83 117 0.2
237 King (1985) E-1 19 1.1 0.0007 | 492 68 132 0.3
238 Lambotte H., NS-0.97 35 1.0 0.0009 | 3543 134 281 0.6
Taerwe L.R.
(1990)
239 Lambotte H., NS-1.45 32 1.5 0.0009 { 345 158 257 0.6
Taerwe L.R.
(1990)
240 Laupa, Siess 52 26 2.1 0.0003 | 284 117 152 0.1
{1953)
241 Laupa, Siess 53 31 2.5 0.0003 410 123 142 0.1
(1953)
242 Laupa, Siess 54 29 3.2 0.0003 309 133 130 0.1
(1953)
243 Laupa, Siess 85 28 4.1 0.0002 | 315 143 119 0.1
(1953}
244 Laupa, Siess S1i 14 1.9 0.0003 328 112 155 0.1
(1953)
243 Laupa, Siess §13 25 4.1 0.0002 | 304 143 119 0.1
{1953)
246 Leonhardt P8 24 0.9 0.0007 | 427 47 101 02
{1962)
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247 Leonhardt P9 24 1.9 1 0.00035 427 61 85 0.1
(1962)

248 Leonhardt 31 27 2.1 0.0003 | 463 117 153 0.2
{1962)

249 Leonhardt 5r 27 2.1 0.0004 | 465 117 153 0.2
(1962)

250 Leonhardt 61 27 2.1 0.0003 465 117 153 0.2
(1962)

231 Leonhardt 61 27 2.1 0.0004 | 463 117 153 0.2
{1962)

252 Leonhardt 7-1 29 2.0 0.0003 465 119 159 0.2
(1962) '

253 Leonhardt 72 29 2.0 0.0004 | 465 119 159 0.2
{1962)

254 Leonhardt 8-1 29 2.0 0.0004 | 465 119 159 0.2
(1962)

235 Leonhardt 32 29 2.0 0.0004 | 465 118 156 0.2
(1962)

256 Leonhardt D2/1 30 1.6 0.0005 | 427 55 35 0.2
(19623

257 Leonhardt D272 30 1.6 0.0006 | 427 55 85 0.2
{1962) I

258 Leonhardt D3/1 32 1.6 0.0005 413 83 127 0.2
(1962)

259 Leonhardt D321 32 1.6 0.0005 | 413 83 127 0.2
(1962)

260 Leonhardt D3/2r 32 1.6 0.0005 | 413 83 127 0.2
(1962) _

261 Leonhardt D4/1 33 1.7 0.0005 439 112 168 0.2
{1962)

262 Leonhardt D421 33 1.7 0.0004 | 439 112 168 0.2
(1962)

263 Leonhardt D4/2r 33 1.7 0.0004 | 439 112 168 0.2
{1962)

264 Leonhardt Cl1 36 1.3 0.0006 | 423 55 95 0.2
{1962)

263 Leonhardt C2 36 1.3 0.0006 | 425 110 190 0.3
(1962)

266 Leonhardt C3 36 1.3 0.0005 | 425 166 | 284 0.4
{1962)

267 Leonhardt C4 36 1.3 0.06005 | 425 221 379 0.5
{1962}

268 Leonhardt P12 12 1.0 0.0008 427 46 96 0.2
(1962)

269 Leonhardt 41 27 2.1 0.0004 | 465 117 153 0.2
{1962)

394




270 Leonhardt 4r 27 2.1 0.0005 | 465 117 153 0.2
{1962)
271 Leonhardt EAl ‘19 1.8 0.0004 | 439 112 158 0.2
{1962)
272 Leonhardt EA2 i9 1.8 0.0005 | 490 111 159 0.2
{1562}
273 | Marti; Pralong; PSl1l 28 1.4 0.0006 | 542 60 102 02
Thiirlimann
(1977)
| 274 Mathey, M{a- 17 28 2.5 0.0003 505 188 | 215 0.2
Watstein (1963)
275 Mathey, ila-18 24 2.5 0.0002 305 188 215 0.2
Watstein (1963)
276 Mathey, Va-19 22 0.9 0.0005 690 128 274 0.3
Watstein (1963}
277 Mathey, Va-20 24 0.9 0.0005 | 690 128 | 274 0.4
Watstein (1963}
278 Mathey, Via-24 25 0.5 0.0008 | 696 96 { 307 0.6
Watstein (1963)
279 Mathey, VIa-25 25 0.5 0.0007 | 696 96 307 0.6
Watstein (1963)
280 Mathey, Vib-21 25 0.8 0.0006 707 123 280 0.4
Watstein (1963)
281 Mathey, VIb-22 25 0.8 0.0005 | 707 123 | 280 0.4
Watstein (1963) .
282 Mathey, VIb-23 29 0.8 0.0006 | 707 123 | 280 0.4
Watstein (1963)
283 Moody K.G. Al 29 22 0.0003 { 310 115 146 0.2
(1954)
284 Moody K.G. A2 29 2.1 (.0004 310 117-1 150 0.2
{19354)
285 Moody K.G. A3 29 2.2 0.0004 | 310 119 149 0.2
(1954)
286 Moody K.G. Ad 30 24 0.0004 | 310 123 147 0.2
{1954)
287 Moody K.G. B1 20 1.6 0.0004 | 310 105 162 0.2
(1954) ‘
288 Moody K.G. B2 21 1.6 00004 | 310 106 162 0.2
(1954)
289 Moody K.G. B3 i§ 1.6 0.0004 310 106 164 0.2
{1954)
| 290 Moody K.G. B4 16 1.6 0.0004 | 310 108 164 02
(1954)
291 Moody K.G. 1 35 1.9 0.0004 310 113 156 0.2
{1954)
292 Moody K.G. 2 16 1.9 0.0003 | 310 113 156 0.1
(1954)
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293 Moody K.G. 3 25 1.9 0.0004 310 113 156 0.2
{1954) '

294 Moody K.G. 4 15 1.9 0.0003 310 113 156 0.2
{1954)

265 Moody K.G. 5 29 1.9 0.0004 310 113 156 0.2
{1954)

296 Moody K.G. 6 15 1.9 0.0003 310 113 156 0.1
(1954)

297 Moody K.G. 7 29 1.9 0.0004 310 113 156 0.2
(1954)

298 Moody K.G. 9 39 1.9 0.0004 310 113 156 0.2
{1954)

299 Moody K.G. 10 23 1.9 0.0004 310 113 ¢ 156 0.2
{1954y

300 Moody K.G. 11 36 1.9 0.0005 310 113 136 0.2
(1954)

303 Moody K.G. 12 19 1.9 0.0004 310 113 156 0.2
{1954)

302 Moody K.G. 14 21 1.9 0.0003 310 113 156 0.2
(1954)

303 1 Moody K.G. 15 36 1.9 0.0004 3i0 113 156 0.2
(1954)

304 Moody K.G. 16 16 1.9 0.0003 310 113 156 0.1

~{1954)

305 | Morrow, Viest B36 B2 14 1.9 0.0003 471 153 215 0.2
{1957y :

306 | Morrow, Viest B56 A4 24 2.4 0.0003 330 171 203 0.2
(1957)

307 | Morrow, Viest B36 B4 26 1.9 0.0003 441 153 215 0.2
(1957)

308 | Morrow, Viest B36 F4 27 1.2 0.0004 429 131 237 0.3
{1957)

309 | Morrow, Viest B56 A6 38 3.8 0.0003 439 189 166 0.1
(1957)

310 | Morrow, Viest B56 Be 43 1.8 0.0004 466 154 218 0.2
(1957)

311 | Morrow, Viest B70 B2 16 1.9 0.0002 462 152 213 0.2
(1957)

312 | Morrow, Viest B70 A4 26 2.5 0.0003 436 170 199 0.2
(1957)

313 Morrow, Viest B70 A6 43 3.8 0.0003 435 190 166 0.1
(1957)

314 | Morrow, Viest B84 B4 26 1.9 0.0003 463 152 212 0.2
(1957}

315 | Morrow, Viest B40 B4 33 1.9 0.0004 378 153 215 0.3
(1957)
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Mphonde,
Frantz (1984)

AQ-3-3b

317

Mphonde,
Frantz (1984)

AQ-3-3¢c

26

23

0.0004

414

135

164

0.2

318

Mphonde,
Frantz (1984)

AO-7-3a

37

33

0.0003

414

153

146

02

319

Mphonde,
Frantz (1984)

AO-7-3b

41

33

0.0003

414

153

146

0.2

320

Mphonde,
Frantz (1984)

AO-11-3a

73

33

0.0004

414

153

146

02

321

Mphonde,
Frantz (1984)

AG-11-3b

73

0.0004

414

153

146

0.2

322 |

Mphonde,
Frantz (1984)

AO-15-3a

79

33

0.0004

414

153

146

0.2

323

Mphonde,
Franiz (1984)

AQ-15-3b

91

33

0.0004

414

153

146

0.2

324

Mphonde,
Frantz (1984)

AQO-15-3¢

89

33

0.0004

414

146

02

325

Mphonde,
Frantz (1984)

AO-3-2

20

33

0.0003

114

153

146

0.1

326

Mphonde,
Frantz (1984)

AO-T-2

44

33

0.0005

414

153

146

0.2

327

Mphonde,
Frantz (1984)

AOG-11-2

77

3.3

0.0004

114

153

146

0.2

328

Mphonde,
Frantz (1984)

AO-15-2a

82

33

0.0007

414

153

146

329

Mphonde,
Frantz (1984)

AQ-15-2b

68

33

0.0008

414

153

146

0.3

330

Podgomiak-
Stanik B.A.
{1998)

BRL100

89

0.5

0.0006

550

228

697

1.0

331

Podgomiak-
Stanik B.A.
(1998)

BN100

35

0.8

0.0005

550

271

654

0.8

332

Podgorniak-
Stanik B.A.
(1998)

BH100

94

0.8

0.0003

550

271

654

0.8

333

Podgorniak-
Stanik B.A.
(1998)

BN50

35

0.8

0.0007

486

136

314

0.5

334

Podgorniak-
Stanik B.A.
(1998)

BHS50 -

94

0.8

0.0007

486

314

0.5

335

Podgorniak-
Stanik B.A,
{1998)

BN25

35

0.9

0.0007

437

70

155

0.3
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336

Podgorniak—
Stanik B.A.
{1998)

BN12.5

33

0.9

0.0007

458

35

75

0.2

337

Rajagopalan;
Ferguson
{1968)

5-13

23

1.7

0.0003

6535

107

157

0.2

338

Rajagopalan;
Ferguson
(1968)

5-1

35

1.4

0.0004

635

97

161

02

339

Rajagopalan;
Ferguson
(1968)

31

1.0

0.0005

655

86

179

0.3

340

Rajagopalan;
Ferguson
{1968)

28

0.8

0.0005

524

- 80

186

0.3

Rajagopalan;
Ferguson
(1968)

31

0.6

0.0006

524

73

195

0.3

342

Rajagopalan;
Ferguson
(1968)

S-5

27

0.5

0.0009

1779

66

196

04

343

Rajagopalan;
Ferguson
{1968)

24

0.5

0.0006

1779

66

166

0.3

344

Rajagopalan;
Ferguson
(1968)

3-6

29

0.3

0.0010

1779

56

211

0.6

345

Rajagopaian;
Ferguson
(1968)

S-7

27

.3

0.0013

1779

49

219

0.9

346

Rajagopalan;
Ferguson
{1968)

S-12

28

03

0.0013

1779

49

220

0.7

347

Reineck; Koch;
Schlaich (1978)

N8

24

0.8

0.0006

501

67

159

0.3

348

Reineck; Koch:
Schlaich (1978)

24

0.3

0.0007

501

67

159

0.3

349

Reineck; Koch;
Schiaich (1978)

14

0.0005

441

84

141

0.2

350

Remmel (1991)

o
—_
—

81

1.9

0.0006

523

69

96

0.2

351

Remmel (1991)

ta
]

81

1.9

0.0006

523

69

96

0.2

352

Remmel (1991)

80

4.1

0.0004

474

87

73

0.1

353

Remmel {1991)

w
JUSI Qi Y
il e

80

4.1

0.0004

474

87

73

0.1

354

Ruesch, Haugli
(1962)

22

2.7

0.0003

481

52

39

0.1

355

Ruesch, Haugli
{1962)

22

279

0.0003

407

94

105

0.1
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356 | Ruesch, Haugli Z 23 2.6 0.0003 | 412 124 133 0.1
{1962)
357 | Scholz (1994) A-2 77 0.8 0.0008 | 300 112 } 260 0.5
358 | Scholz (1994) D-2 92 1.9 0.0005 | 500 153 | 209 03
359 | Scholz (1994) D-3 92 1.9 0.0005 | 300 153 | 209 0.3
360 | Taylor (1968) IA 27 1.0 0.0004 |} 350 123 | 247 0.3
361 | Taylor (1968) 2A 32 1.5 (0.0005 | 350 144 | 226 0.3
362 | Taylor (1968) 1B 27 1.0 0.0005 | 350 123 | 247 0.4
363 1 Taylor (1968) 2B 32 1.5 0.0005 | 350 144 | 226 0.3
364 | Taylor (1968) 3B 30 1.6 0.0006 | 350 123 | 247 04
365 1 Taylor (1968) 5A 28 1.0 0.0006 | 350 123 | 247 0.4
366 | Taylor (1968) 5B 28 1.0 0.0006 | 350 123 | 247 0.4
367 | Taylor (1972) B1 26 14 0.0005 | 420 172 | 293 04
368 | Tayler (1972) B2 21 1.4 0.0004 | 420 172 | 293 0.3
369 | Taylor (1972) B3 27 1.4 0.0004 | 420 172 | 293 0.3
370 | Taylor (1972) Al 27 1.4 0.0004 | 420 343 | 587 0.6
371 ¢ Taylor {1972) A2 22 1.4 0.0004 | 420 343 | 587 0.6
372 Thorenfeldt, BIt 51 1.8 0.0006 | 500 o1 130 0.2
Drangshold
{1990)
373 Thorenfeldt, B13 51 32 0.0004 | 500 105 102 0.1
Drangshold
{1990)
374 Thorenfeldt, B4 51 3.2 0.0005 | 500 105 102 0.2
Drangshold
(1990)
375 Thorenfeidt, B21 74 1.8 0.0007 | 500 91 130 0.2
Drangshold
(1990)
376 Thorenfeldt, B23 74 3.2 0.0005 | 500 105 102 02
Drangshold
{1990)
377 Thorenfeldt, B24 74 32 0.0005 | 560 105 102 0.2
Drangshold
(1990)
378 Thorenfeldt, B33 55 3.2 0.0004 | 500 105 102 0.1
Drangshold
(1990)
379 Thorenfeldt, B34 55 32 0.0005 | 300 105 102 0.2
Drangshold
{1990)
380 Thorenfeldt, B43 82 32 0.0005 | 500 105 102 0.2
Drangshold
{1990)
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381

Thorenfeldt,
Drangshold
(1990)

B44

82

32

0.0606

500

105

102

0.2

382

Thorenfeldt,
Drangshold
(1990)

B51

93

1.8

0.0005

500

91

130

0.2

383

Thorenfeldt,
Drangshold
(1990)

B53

93

32

0.0005

500

105

102

0.2

384

Thorenfeldt,
Drangshold
(1990)

B4

93

32

0.0005

560

105

102

0.2

335

Thorenfeldt,
Drangshold
(1990)

Bol

74

1.8

0.0004

500

183

259

Thorenfeldt,
Drangshold
(1990)

B63

74

32

0.6003

500

209

2035

0.2

387

Thorenfeldt,
Drangshold
(1950)

B64

74

32

0.0004

500

209

205

0.2

388

Walraven
{1978)

A2

23

0.7

0.0006

440

122

208

0.5

389

Walraven
(1978)

A3

23

0.8

0.0005

440

2135

505

0.6

390

Xie, Ahmad,
Yu (1994)

37

2.1

0.0004

421

94

122

0.2

391

Xie, Ahmad
Yu (1994)

>

NHN-3

96

2.1

0.0005

421

94

122

0.2

392

Yoon, Y.S.;

Cook, W.D.;

Mitchell, D.
(1996)

NI-S

34

2.8

0.0002

400

317

338

0.2

393

Yoon, Y.S,;

Cook, W.D.;

Mitchell, D.
{1996)

Mi-8

64

2.8

0.0003

400

317

338

0.2

394

Yoon, Y.5.;

Cook, WD.;

Mitchell, D.
(1996)

HI1-8

83

2.8

0.0003

400

317

338

0.3

395

Yoshida Y.,
Bentz E.,
Collins M.
(2000)

YB2000/0

32

0.7

0.0003

455

548

1342

1.0
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Adebar P,
Collins M.P.
{1996)

28

1.14

0.65

1.08

Adebar P.,
Collins M.P.
(1996)

ST2

119

1.06

0.60

1.01

Adebar P.,
Collins M.P.
(1996)

ST3

108

1.22

0.71

1.16

Adebar P,
Collins ML.P.
{1996}

5T8

81

(.94

0.55

0.90

Adebar P,
Collins M.P.
{1996)

ST16

75

1.09

1.08

1.21

Adebar P,
Collins M.P.
(1996)

ST23

90

0.97

0.52

0.93

Ahmad, Kahloo
(1986)

Al

38

1.42

1.24

1.62

Ahmad, Kahloo
{1986)

A2

69

1.32

[.12

1.90

Ahmad, Kahloo
(1986)

69

1.01

1.89

10

Ahmad, Kahloo
(1986)

A8

49

0.79

1.38

11

Ahmad, Kahloo
(1986}

B1

51

1.03

1.34

i2

Ahmad, Kahloo
(1986)

B2

69

1.22

1.05

L79

i3

_ Ahmad, Kahloo

(1986)

B3

100

1.49

1.38

2.58

14

Ahmad, Kahloo
(1986)

B7

44

1.10

0.39

1.1

15

Ahmad, Kahloo
{1986)

BS

47

0.91

0.71

1.22

16

Ahmad, Kahloo
{1986)

BY

80

1.34

1.10

2.07

17

Ahmad, Kahloo
(1986)

Cl

34

1.29

1.12

1.58

18

Ahmad, Kahloo
{1986)

Cc2

76

1.29

2.18

19

Ahmad, Kahloo
(1936)

C3

69

0.97

0.98

1.98
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20

Ahmad, Kahloo
(1986)

C7

45

0.93

1.22

21

Ahmad, Kahioo
{1986)

C8

44

0.70

117

22

Ahmad, Kahloo
{1986)

C9

45

0.75

0.64

1.19

23

Al-Alusi AF.
{1957y

7

14

1.42

[.71

1.81

24

Al-Alusi A F.
(1957)

10

15

1.58

1.53

1.81

25

Al-Alusi A F.
(1957)

11

17

1.98

1.55

2.13

26

Al-Alusi A F.
(1957)

18

14

1.44

1.71

1.80

27

Angelakos D.,
BenizE. C.,
Collins M, P. ()

DB120

179

1.41

0.63

28

Angelakos D,
BentzE. C.,
Collins M. P.

DB130

185

1.14

0.49

0.98

29

Angelakos D.,
BentzE. C.,
Collins M. P. ()

DE140

180

1.00

0.43

0.88

30

Angelakos D.,
BentzE. C.,
Collins M. P. (§

DB165

185

0.77

Q.31

0.71

31

Angelakos D.,
Bentz E. C.,
Collins M. P.

DB180

172

(.64

0.25

0.61

32

Angelakos D.,
BentzE. C.,
Collins M. P.

DB230

257

1.20

0.70

1.22

33

Angelakos D.,

Bentz E. C.,

Coliins M. P.
(2000)

DBO330

165

1.46

0.44

34

Aster; Koch
(1974)

216

1.21

0.86

1.25

Aster; Koch
{1974y

221

1.07

0.84

1.20

Aster; Koch
{1974)

281

0.69

0.77

1.06

Aster; Koch
{1974}

254

0.70

0.94

1.16

Aster; Koch
(1974

10

255

0.70

0.94

1.16
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39 Aster; Koch 11 261 1.10 0.57 1.01
(1974)
40 Aster; Koch 12 324 1.14 0.66 1.07
(1974}
41 Aster; Koch 16 392 1.85 0.51 1.14
{1974)
42 Aster; Koch 17 349 141 047 1.03
{1974)
43 Bhal (1968) B1 70 1.20 0.85 1.41
44 Bhal (1968) B2 117 1.29 0.65 1.10
45 Bhal (1968) B3 162 1.56 0.64 1.13
46 Bhal (1968) B4 177 1.51 0.56 1.04
47 Bhal (1968) B5 104 1.52 0.62° 1.19
48 Bhal (1968) Bo 112 1.78 0.70 132
49 Bhal (1968) B7 133 1.90 0.54 1.15
50 Bhal (1968) B8 123 1.58 0.48 1.04
51 Bresler, 0A-1 167 1.40 1.25 1.77
Seordelis (1963)
52 Bresler, 0A-2 178 133 1.61 1.86
Scordelis (1963}
53 Bresler, 0A-3 189 1.02 1.79 1.58
Scordelis {(1963)
54 Cederwall K., 734-34 4] 1.74 1.15 1.64
Hedman O,
Losberg A.
(1974}
55 Chana (1981) 37623 96 1.30 0.84 1.38
56 Chana (1981) 37654 87 1.31 0.85 1.39
57 Chana (1981) 37682 99 1.42 0.92 1.50
58 Collins, Kuchma B14d 225 1.38 0.55 1.13
(1999
59 Coilins, Kuchma B100H 193 0.67 0.24 0.63
(1999)
60 | Collins, Kuchma BI0OB 204 115 0.47 0.98
(1999)
61 | Collins, Kuchma BI1OOL 223 1.30 0.52 1.07
(1999)
62 | Collins, Kuchma | B100-R 249 1.58 0.61 1.25
{1999)
63 | Collins, Kughma | B100L-R 235 1.39 0.55 1.13
(1999)
64 Diaz de Cossio, A2 42 1.13 0.74 1.30
Siess (1960)
63 Diaz de Cossio, A3 34 1.19 1.11 1.48
Siess (1960)
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1.17

66 | Diaz de Cossio, A-12 39 1.47 1.90
Siess (1960)
67 | Diaz de Cossio, A-13 47 1.33 1.39 1.73
Siess (1960}
68 Diaz de Cossio, A-14 55 1.29 1.74 1.78
Siess (1960)
69 | Elzanaty, Nilson, Fl 57 1.01 0.71 0.98
Slate {1986)
70 | Elzanaty, Nilson, F2 06 1.05 0.81 1.02
Slate (1986)
71 | Elzanaty, Nilson, F10 75 1.18 0.92 1.14
Slate (1986)
72 | Elzanaty, Nilson, F9 62 0.97 0.68 0.91
Slate (1986)
73 | Elzanaty, Nilson, F15 66 0.99 0.72 0.92
Slate {1986)
74 | Elzanaty, Nilson, Fo6 60 0.82 1.12 1.01
Slate (1986)
75 | Elzanaty, Nilson, Fij 44 122 1.16 1.45
Slate (1986)
76 | Elzanaty, Nilson, F12 53 1.38 1.41 1.69
Slate (1986)
77 | Elzanaty, Nilson, F8 45 0.99 0.77 1.04
Slate (1986)
78 | Elzanaty, Nilson, Fi3 48 1.01 0.81 1.07
Slate (1986)
79 | Elzanaty, Nilson, Fi4 63 1.25 1.09 1.33
Slate (1986) .
80 Feldman, Siess L-2A g0 1.62 1.29 2.11
(1955)
81 Feldman, Siess L-3 53 1.35 1.36 - 1.70
(1955)
82 Feldman, Siess L-4 51 1.23 171 1.74
(1955)
83 Feldman, Siess L-5 51 1.11 1.94 1.68
(1955)
84 Ferguson P.M. F2 22 145 0.98 1.39
{1956)
8s Ferguson P.M., Al 29 1.45 1.14 1.57
Thompson N.J.
{1953)
86 Ferguson P.M., A2 27 1.40 112 1.54
Thompson N.J.
(1953)
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4 F erguson PM

3

Thompson N.J.
{1953)

154

1.19

1.63

88

Ferguson P.M,,
Thompsoen N.J.
(1953)

Ad

32

1.45

1.12

1.54

39

Ferguson P.M.,
Thorpson N.J.
(1953)

AS

34

1.36

1.01

1.39

90

Ferguson P.M.,
Thompson N.J.
(1953)

Ab

36

1.55

1.18

1.62

91

Ferguson P.M,,
Thompson N.J,
(1953)

D1

49

137

1.06

1.48

92

Ferguson P.M.,
Thompson N.J.
(1953)

D2

52

1.51

1.18

1.64

93

Ferguson P.M.,
Thompson N.J.
{1953)

N1

24

1.62

1.66

1.83

94

Ferguson P.M.,
Thompson N.J.
{1953)

N2

24

1.64

1.68

1.85

95

Ferguson P.M.,,
Thompsen N.J.
(1953)

N3

21

1.56

1.68

1.84

96

Ferguson P.M.,
Thompson N.J.
(1953)

Bl

35

1.61

1.24

L.70

97

Ferguson P.M.,
Thompson N J.
(1953)

B2

32

1.48

I.15

©1.58

98

Ferguson P.M.,
Thompson N.J.
(1953)

B3

39

1.69

127

L.76

59

Ferguson P.M.,
Thompson N.J.
{1933)

B4

44

1.80

1.86

100

Ferguson P.M.,
Thompson N.J.
(1953)

B5

38

1.62

1.22

1.68

101

Ferguson P.M,,
Thompson N.J.
(1953)

Ci

50

1.82

2.51
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102 | Ferguson P.M. C2 39 1.82 1.41 1.54
Thompson N.J.
(1953)
103 | Ferguson P.M., L1 27 1.67 2.07 2.28
Thompson N.J.
(1953)
104 | Ferguson P.M,, L3 27 1.65 2.64 2.25
Thompson N.J.
(1953)
105 Grimm, R. si.1 70 0.96 0.59 0.93
{1997)
106 Grimm, R. sl.2 76 0.94 0.64 0.96
(1997)
107 Grimm, R. sl.3 99 1.15 0.84 123
{1997y
108 Grimm, R, §2.2 187 1.26 0.74 1.15
(1997)
109 Grimm, R. §2.3 123 0.89 0.48 0.87
(1997)
1io Grimm, R. s2.4 230 1.31 0.94 1.35
(1997) '
111 Grimm, R. s3.2 259 1.00 0.52 0.93
(1997)
112 Grimm, R. s3.3 193 L.} 0.37 0.89
(1997
113 Grimm, R. . s34 379 1.22 0.79 1.18
(1997)
114 Grimm, R. s4.| 74 0.91 0.54 0.87
(1997)
115} Grimm, R. s4.2 90 1.00 0.66 1.01
(1997)
116 Grimm, R. s4.3 122 1.28 0.94 1.37
(1997)
117 | Hallgren (1994) | B90SB13- 83 1.57 1.10 1.60
2-86
118 | Hallgren (1994) | BYOSB14- 77 1.48 1.04 1.52
2-86
119 | Hallgren (1994) | B90SB22- 76 1.47 1.05 1.52
2-85
120 | Hallgren (1994) | B91SC2- 70 1.54 1.18 1.70
2-62
121 | Hallgren (1994) | B91SC4- 74 1.57 1.17 1.69
2-69
122 | Hallgren (1594) | B90SB17- 59 1.54 1.28 1.79
2-45
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123 | Hallgren (1994) | B90SBIS- 63 1.65 1.35 1.90
2-45
124 | Hallgren (1994) | B90SB21- 69 1.36 0.97 141
2-85
125 | Hallgren (1994) | B91SCl- 71 1.60 1.23 1.76
: 2-62
126 | Hallgren (1994) | B918DI- 39 1.72 1.46 2.13
4-61
127 | Hallgren (1994) | B91SD2- 90 1.74 1.47 2.16
4-61
128 | Hallgren (1994) | B91SD3- 82 1.51 1.26 1.86
4-66
129 | Hallgren (1994) | BS1SD4- 79 1.47 1.23 1.81
4-66
130 | Hallgren (1994) | B91SD5- 78 1.52 1.30 1.91
4-58
131 | Hallgren (1994) | B91SD6- 83 1.67 1.43 2.10
4.58
132 | Hallgren (1994) i B90SBS- 36 1.73 1.51 2.08
2-33
133 | Hallgren (1994) | BO0SB6- 54 1.63 1.40 1.96
2-33
134 | Hallgren {1994) | B90SBY- 49 1.54 1.35 1.88
2-31
135 | Hallgren (1994) | BY90SBI10- 54 1.67 1.45 203
2-31
136 | Hallgren (1996) B3 76 0.76 043 0.88
137 | Hallgren (1996) B3 104 097 0.54 105
138 | Hallgren (1996) B7 89 0.80 0.41 0.88
139 | Hamadi; Regan Gl 45 1.68 1.06 1.48
(1980
140 | Hamadi; Regan G2 41 1.5 1.15 1.66
{1980)
141 | Hamadi, Regan G4 30 0.90 1.53 143
] {1980)
142 Hanson 1A, 8A-X 80 2.11 1.37 2.55
(1958)
143 Hanson J.A. 8A 58 1.42 0.93 1.73
(1958)
144 Hanson J.A. 8B 90 1.81 1.20 225
(1958)
145 Hanson I.A. 8C 127 1.88 1.26 232
{1958)
146 Hanson J.A. 3D 165 2.15 1.39 2.58
{1958)
147 | Hanson (1961} 8A4 34 0.93 1.28 1.35
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148

Hanson (1961)

8B4

43

1.05

1.25

1.36

149

Hanson (1961)

EBwW4

40

0.99

1.20

1.30

150

Hanson (1961)

8B2

52

1.19

1.53

1.54

151

Hanson (1961}

8B3

46

1.08

0.70

1.35

152

Islam ML.S., Pam
H.J., Kwan
AKH. (1998)

M100-S0

65

1.25

0.97

1.30

153

Istam M.S., Pam
H.J., Kwan
AKH. (1998)

M100-81

108

1.59

1.22

2.11

154

Islam M.S., Pam
H.J, Kwan
AK.H. {1998)

M100-583

97

1.43

1.10°

1.90

155

Isiam M.S., Pam
H.j, Kwan
AKX H.(1998)

M100-54

81

1.56

1.21

1.62

156

Islam M.S,, Pam
H.IL., Kwan
AKH. {1998)

M280-30

58

1.17

0.95

1.27

157

Islam M.S., Pam
H.J., Kwan
AKX H. (1998)

M30-5t

117

1.85

1.46

2.52

158

Islam M.S., Pam
H.I., Kwan
AXH. (1998)

MB0-83

115

1.81

1.44

2.48

159

Islam MLS., Pam
H.I., Kwan
AJCH. (1998)

M80-54

72

1.47

1.58

160

Isiam M.S,, Pam
H.J., Kwan
AKH. (1998)

M60-50

46

0.93

1.26

161

Islam M.S., Pam
H.J., Kwan
AKX.H. (1998)

Mb60-S1

92

185

1.43

248

162

Islam M.S., Pam
H.J., Kwan
AK.H. (1998)

M60-53

S0

1.81

1.40

2.43

163

Islam M.S., Pam
H.J., Kwan
AKH. (1998)

M60-54

52

1.27

1.06

1.43

164

Islam MLS,, Pam
H.J., Kwan
AK.H. (1998)

M490-50

55

1.57

1.47

1,91

165

Islam M.S., Pam
H.I.,, Kwan
AKH (1998)

M40-51

85

2.08

1.72

2.90
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166 | Islam M.S., Pam M40-583 81 1.99 1.64 2.76
H.J., Kwan
AK.H. (1998)
167 | Islam M.S., Pam M23-50 48 1.59 1.49 1.96
H.J., Kwan
AK.H. (1998)
168 | Islam M.S., Pam | M25-83 57 1.70 1.35 2.29
H.]., Kwan
AXKH. (1998)
169 Kani (1967) 3044 139 1.15 0.97 1.33
170 Kani (1967) 3045 152 095 1.17 1.38
171 Kani (1967} 3046 154 0.84 1.72 1.59
172 Kani (1967) 3047 147 0.76 1.87 1.60
173 Kani (1967) 63 93 1.30 1.22 1.51
174 Kani (1967) 64 79 0.77 2.05 1.45
175 Kani (1967) 66 91 0.98 1.74 1.55
176 Kani (1967) 79 84 0.85 1.87 1.47
177 Kani (1967) 1 108 1.51 1.09 1.73
178 Kani (1967) 71 102 1.36 0.98 1.56
179 Kani (1967) 272 228 1.33 1.84 1.78
180 Kani (1967) 273 206 1.38 1.33 1.57
181 Kani (1967} 274 250 1.86 1.23 1.88
182 Kani (1967) 32 29 1.63 1.56 1.79
183 Kani (1967) 48 27 1.28 1.90 1.77
184 Kani (1967) 81 31 1.06 1.92 1.58
185 Kani (1967) 84 55 1.50 1.44 1.70
186 Kani {1967) 96 56 1.59 1.50 1.77
187 Kani (1967) 83 65 1.90 1.24 1.90
188 Kani (1967) 97 62 2.02 120 1.84
189 Kani (1967} 3043 165 1.34 0.81 1.36
190 Kani (1967) 56 28 1.64 1.25 1.63
191 Kani (1967) 58 29 1.73 1.2 1.68
192 Kani (1967} 60 3 2.52 1.50 2.26
193 Kani (1967) 91 51 1.06 1.94 1.60
194 Kani (1967) 92 46 (.91 2.05 1.48
195 Kani (1967) 41 51 3.62 1.64 2.90
196 Kani (1967) 59 50 3.38 1.76 2.87
197 Kani (1967} 65 112 1.77 0.94 1.73
198 Kani (1967) 95 73 2.25 1.24 2.22
199 Kani (1967} 98 76 2.29 1.27 2729
200 Kani (1967} 99 77 2.21 1.31 2.35
201 Kani {1967) 3042 237 1.83 0.99 1.91
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202 Krefeld, 11A2 73 1.18 0.98 1.77
Thurston (1966)

203 Krefeld, 12A2 64 1.47 1.39 2.03
Thurston {1966)

204 Krefeld, 18A2 63 1.43 1.12 2.04
Thurston (1566)

205 Krefeld, 18B2 72 1.60 1.26 2.28
Thurston (1966)

206 Krefeld, 18C2 73 1.48 1.18 2.14
Thurston (1966}

207 Krefeld, 18D2 60 1.23 0.98 1.78
Thurston (1966)

208 Krefeld, 16A2 42 1.32 1.10 1.66
Thurston (1966)

209 Krefeld, 17A2 44 1.34 1.15 1.72
Thurston (1966)

210 Krefeld, 3AC 44 1.25 1.53 1.74
Thurston (1966)

211 Krefeld, 3CC 36 0.89 1.58 1.45
Thurston {1966)

212 Krefeld, 3AAC 56 1.31 1.03 1.56
Thurston (1966)

213 Krefeld, 4AAC 58 1.46 1.20 1.79
Thurston (1966)

214 Krefeld, SAAC 57 1.32 1.10 1.62
Thurston {1966)

215 Krefeld, 6AAC 60 1.33 1.13 1.66
Thurston (1966)

216 Krefeld, 3JAC 53 129 1.40 1.62
Thurston (1966)

217 Krefeld, 4AC 54 1.29 1.46 1.65
Thurston (1966)

218 Krefeld, 5AC 54 1.24 1.41 1.58
Thurston (1966)

219 Krefeld, 6AC 59 1.31 1.51 1.67
Thurston (1966)

220 Krefeld, 4CC 53 1.05 1.54 1.43
Thurston (1966)

221 Krefeld, 5CC 57 1.14 1.72 1.56
Thurston (1966)

222 Krefeld, 6CC 63 1.23 1.88 1.68
Thurston (1966)

223 Krefeld, C 85 1.61 0.99 1.55
Thurston (1966)

224 Krefeld, OCA 49 0.99 1.49 1.38
Thurston {1966)
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225 Krefeld, OCB 53 1.04 1.52 1.42
Thurston (1966)
226 Krefeld, OCA 147 1.34 1.05 1.38
Thurston (1966)
227 Krefeld, OCB 134 121 0.96 1.25
Thurston {1966)
228 Krefeld, 15A2 46 1.18 0.85 1.49
Thurston (1966)
229 Krefeld, 1582 52 1.32 0.95 1.67
Thurston (1966)
230 | Kulkarni S. M., | B4JL20-S 20 1.05 1.23 1.28
Shah 8.P. (1998)
231} Kulkami 8.M,, | B3NOIS- 23 1.31 1.13 1.43
Shah 8.P. (1998) N
232 | Kulkami S.M., | B3NO30- 24 1.37 1.03 1.47
Shah S.P. (1998) N
233 Kiing (1985) - C 26 1.40 0.78 1.52
234 Kiing (1985) D 30 1.46 0.93 1.76
235 Kiing (1985) E 43 2.05 1.31 245
236 King (1985) F 54 2.52 1.64 3.02
237 Kiing (1985) E-1 40 1.83 1.18 221
238 Lambotte H., NS-0.97 127 244 1.05 1.79
Taerwe L.R.
(1990)
239 Lambotte H., NS§-1.45 180 343 1.58 2.52
Taerwe L.R. -
(1990
240 Laupa, Siess S2 42 1.03 1.33 1.37
(1953)
241 Laupa, Siess 53 53 1.19 1.49 1.52
{1953)
242 Laupa, Siess 34 56 1.25 1.62 1.63
(1953)
243 Laupa, Siess S5 50 1.11 1.49 1.47
{1953}
244 Laupa, Siess S11 34 1.02 1.59 1.60
(1953) '
245 Laupa, Siess 513 30 1.17 1.62 1.60
{1953)
246 Leonhardt P8 91 1.62 1.15 1.66
{1962)
247 Leonhardt P9 106 1.80 1.37 1.50
(1962)
248 Leonhardt 5l 60 1.14 0.87 1.42
(1962)
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249

Leonhardt 3r 77 1.46 1.10 1.81
{1962}
230 Leonhardt 6l 61 1.20 1.17 1.47
(1962)
251 Leonhardt 6r 68 1.36 1.32 1.65
{1962}
252 Leonhardt 7-1 62 1.11 1.42 1.46
(1962)
253 1 Leonhardt 7-2 68 1.22 1.56 1.60.
(1962)
254 Leonhardt 8-1 66 1.07 1.79 1.58
(1962)
255 Leonhardt 8-2 66 1.08 1.79 1.60
(1962)
256 Leonhardt D21 21 1.62 1.10 1.71
{1962)
237 Leonhardt D2/2 23 1.78 1.20 1.88
(1962)
258 Leonhardt D3/1 46 1.53 1.02 1.62
{1962)
259 Leonhardt D3/21 43 1.41 0.94 1.49
(1962)
260 Leonhardt D372y 43 1.41 094 1.49
(1962)
261 Leonhardt “D4/1 74 1.36 0.90 1.45
(1962)
262 Leonhardt D4/21 71 1.31 0.86 1.40
(1962)
263 Leonhardt D472r 71 1.31 0.86 1.40
(1962)
264 Leonhardt C1 22 1.19 0.87 1.45
(1962)
263 Leonhardt C2 65 1.75 0.95 1.52
{1962)
266 Leonhardt C3 102 1.33 0.74 1.23
{1962)
267 Leonhardt C4 152 1.34 0.73 1.30
(1962)
268 Leonhardt Pi2 100 2.63 1.57 2.90
{1962)
269 Leonhardt 4] 82 1.26 0.98 1.90
{1962)
270 Leonhardt 4r 87 1.35 1.05 2.03
{1962)
271 Leonhardt EAl 58 1.32 0.98 1.72
{1962)
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272 Leonhardt EA2 75 1.71 1.26 220
{1962)
273 | Marti; Pralong; P51l 97 1.74 1.51 1.82
Thiirlimann
(1977)
274 Mathey, Ola- 17 88 1.20 1.03 1.34
Watstein (1963)
275 Mathey, [MTa-18 81 1.17 1.04 1.34
Watstein {1963)
276 Mathey, Va-19 63 1.09 0.85 1.23
Watstein (1963)
277 Mathey, Va-20 66 1.10 0.84 1.22
Watstein (1963)
278 Mathey, Via-24 54 1.18 0.68 1.17
Watstein (1963)
279 Mathey, Via-25 50 1.035 0.63 1.08
Watstein (1963)
280 Mathey, VIb-21 71 1.16 0.68 1.25
Watstein (1963}
281 Mathey, Vib-22 62 1.01 0.60 1.10
Watstein (1963)
282 Mathey, VIb-23 75 L.11 0.65 1.20
Watstein (1963)
283 Moody K.G. Al 60 1.29 0.953 1.51
(1954)
284 Moody K.G. AZ 67 1.50 1.00 1.62
{1954)
285 Moody K.G. A3 76 1.73 1.12 1.83
(1954)
286 Moody K.G. Ad 71 1.64 1.04 1.68
{1954)
287 Moody K.G. Bl 56 1.63 1.08 1.77
(1954)
288 Moody K.G. B2 60 1.75 1.14 1.85
(1954)
289 Moody K.G. B3 56 1.78 1.13 1.83
{1954)
290 Moody K.G. B4 56 1.97 1.23 1.99
(1954)
201 Moody K.G. 1 58 1.48 1.05 1.50
(1934)
292 Moody K.G. 2 36 1.33 1.09 1.51
(19543
293 Moody K.G. 3 52 1.59 1.20 1.69
(1954)
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294 Moody K.G. 4 40 1.58 1.31 1.81
(1954)
205 Moody K.G. 5 32 145 1.06 1.51
{1954)
296 Moody K.G. 6 34 1.32 1.10 1.52
(1954)
297 Moody K.G. 7 51 1.42 1.04 1.48
(1954}
298 Moody K.G. 9 33 1.28 0.90 1.29
(1954}
299 Moody K.G,. 10 49 1.54 1.18 1.66
(1954) .
300 Moody K.G. 11 60 1.51 1.06 1.52
{1954)
301 Moody K.G. 12 47 1.62 1.27 1.78
{1954)
302 Moody K.G. 14 43 1.39 1.08 1.52
{1954)
303 Moody K.G. 15 51 1.29 0.92 1.31
(1954)
304 Moody K.G. 16 38 1.43 1.18 1.63
(1954)
305 Morrow, Viest B56 B2 100 1.33 1.50 1.74
(1957)
306 | Morrow, Viest B56 A4 138 1.51 1.43 1.66
(1957)
307 | Morrow, Viest B56 B4 122 1.29 1.21 1.46
(1957
308 Morrow, Viest B56 B4 109 1.21 1.05 1.33
(1957)
309 | Morrow, Viest B36 A6 178 1.45 1.40 1.62
(1957)
310 Marrow, Viest B36 B6 137 1.20 0.95 1.19
(1957)
311 Morrow, Viest B70 B2 89 0.94 1.54 1.49
(1957)
312 Morrow, Viest B70 Ad 132 1.17 1.61 1.57
‘ (1937
313 Morrow, Viest B70 A6 178 1.26 1.61 1.53
(1957)
314 Morrow, Viest B84 B4 11!l 0.91 1.63 1.42
(1957)
315 Morrow, Viest B40 B4 156 1.71 0.97 1.54
(1957)
316 | Mphonde, Frantz | AO-3-3b 63 1.90 1.56 2.07
{1984)
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Mphonde, Frantz
{1984)

AO-3-3¢

318

Mphonde, Frantz
- (1984)

AO-7-33

82

1.82

133

1.80

319

Mphonde, Frantz,
(1984)

AO-7-3b

83

1.75

1.26

1.71

320

Mphonde, Frantz
(1984)

AO-11-3a

90

146

0.92

128

321

Mphonde, Frantz
(1984)

AO-11-3b

89

1.46

0.92

[.28

322

Mphonde, Frantz
(1984)

AQO-15-3a

93

1.48

0.91

1.27

Mphonde, Frantz
(1984)

AQ-15-3b

100

1.50

0.88°

1.25

324

Mphonde, Frantz
(1984)

AO-15-3¢

98

148

0.88

1.23

325

Mphonde, Frantz
{1984)

AO-3-2

78

221

1.33

2.47

326

Mphonde, Frantz
(1984)

AO-7-2

118

1.91

1.20

2.25

327

Mphonde, Frantz
{1984)

AO-11-2

111

1.31

0.78

1.43

328

Mphonde, Frantz
{1984)

AQO-15-2a

178

2.07

1.20

2.29

328

Mphonde, Frantz
(1984)

AO-15-2b

206

2.61

1.57

2.98

Podgorniak-
Stantk B.A.
{1998)

BRI.100

164

0.21

0.76

Podgorniak- -
Stanik B.A.
(1998)

BNI00

192

1.25

(.46

1.03

Podgorniak-
Stanik B.A.
{1998)

BHI00

193

0.73

024

0.71

333

Podgomiak-
Stanik B.A.
{1993)

BN30

132

1.26

0.63

1.19

Podgorniak-
Stanik B.A.
{19938)

BH50

132

0.74

0.33

0.73

Podgomiak-
Stanik B.A.
{1998)

BN25

73

1.26

0.71

I.18

Podgorniak-
Stanik B.A.
{1998)

BN12.5

40

1.22

.78

1.25
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337 Rajagopalan; S-13 40 1.10 1.17 1.41
Ferguson (1968)
338 Rajagopalan; S-1 36 0.83 0.72 0.99
Ferguson (1968)
339 Rajagopalan; 3-2 37 0.99 0.79 1.12
Ferguson (1968)
340 Rajagopalan; S-3 31 0.88 0.79 1.06
Ferguson {1968)
341 Rajagopalan; S-4 28 0.79 0.65 0.93
Ferguson {1968)
342 Rajagopalan; S-5 34 1.18 0.89 1.30
Ferguson (1968)
343 Rajagopalan; S-9 24 0.82 0.70 1.00
Ferguson (1968)
344 Rajagopalan; 5-6 27 1.11 0.67 I.11
Ferguson (1968)
345 Rajagopalan; S-7 30 2.04 0.76 1.40
Ferguson (1968)
346 Rajagopalan; S-12 25 1.27 0.61 1.13
Ferguson (1968)
347 | Reineck; Koch; N8 102 1.29 0.89 1.26
Schiaich (1978)
348 | Reineck; Koch; N6 118 1.44 0.75 1.39
Schlaich {1978)
349 | Reineck; Koch; N7 140 1.66 0.92 1.66
Schlaich (1978)
350 | Remmel (1991) st 1 46 1.16 0.87 1.16
351 | Remmel (1991) sl 2 48 0.98 0.69 1.17
352 | Rermmel (1991) sl 4 58 1.34 1.08 1.41
353 | Remmel (1991) sl 35 60 1.10 0.87 1.46
354 i Ruesch, Haugli X 15 1.59 1.47 1.99
(1962)
355 ) Ruesch, Haugli Y 30 1.53 1.33 1.74
. {1962)
356 | Ruesch, Haugh Z 55 1.37 1.18 1.57
{1962)
357+ Scholz (1994) A-2 83 121 0.46 0.88
358 Scholz (1994) D-2 121 123 0.59 1.00
359 Scholz (1994) D-3 121 1.26 0.78 1.07
360 Taylor (1968) 1A 62 1.19 0.66 1.08
361 Taylor (1968) 2A 92 1.60 0.89 1.41
362 | Taylor (1968) 1B 76 1.50 0.81 1.32
363 Taylor (1968) 2B 101 1.77 0.98 1.55
364 | Taylor (1968) iB 76 1.43 0.76 1.26
365 Taylor (1968) 5A 81 140 0.69 1.33
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366

Taylor (1968)

5B

81

140

0.69

1.33

367

Taylor (1972}

Bl

104

1.94

0.96

1.53

368

Taylor (1972)

B2

87

1.76

0.91

144

369

Taylor (1972}

B3

83

1.50

0.75

1.21

370

Taylor (1972}

Al

358

1.82

(.79

1.41

371

Taylor (1972)

A2

328

1.86

0.84

1.47

372

Thorenfeldt,
Drangshold
{1990)

BI1

38

146

0.89

1.43

373

Thorenfeldt,
Drangshold
(1990)

BI13

70

1.66

1.43

1.82

374

Thorenfeldt,
Drangsheld
(1990)

Bl4

83

1.63

127

2.10

375

Thorenfeldt,
Drangshold
{1990)

B21

68

1.44

0.82

1.33

Thorenfeldt,
Drangshold
{1990)

B23

78

1.58

1.24

1.60

377

Thorenfeldt,
Drangshold
(1990)

B24

83

1.35

1.00

1.66

378

Thorenfeldt,
Drangshold
{1990)

B33

68

1.55

1.31

1.68

379

Thorenfeldt,
Drangshold
(1990)

B34

83

1.56

1.21

2.60

380

Thorenfeldt,
Drangshoid
(1990)

B43

86

1.69

1.28

1.66

381

Thorenfeldt,
Drangshold
{1990)

B44

107

1.69

1.20

2.01

382

Thorenfeldt,
Drangshold
(1990)

B51

56

1.06

0.58

0.96

L
o
4%}

Thorenfeldt,
Drangshold
{1990)

B33

77

1.42

1.05

1.37

Thorenfeldt,
Drangshold
{(1990)

B34

78

0.80

1.35
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385 Thorenfeidt, Bs1 180 0.97 0.54 0.96
Drangshold
(1990)
386 Thorenfeldt, Ba3 229 1.18 (.91 1.26
Drangshold
(1990)
387 Thorenfeldt, Bod 281 1.16 0.85 1.47
Drangshold
(1990)
388 | Walraven (1978) A2 71 1.74 0.77 1.31
389 | Walraven (1978) A3 101 1.94 0.66 1.19
390 | Xie, Ahmad, Yu NNN-3 37 1.11 0.82 1.34
{1994)
391 | Xie, Ahmad, Yu NHN-3 46 0.83 0.54 0.91
{1994)
392 Yoon, Y.5,; Ni-$ 249 1.63 0.72 1.12
Cook, W.D.;
Mitchell, 1.
{1996)
393 Yoon, ¥.S.; M1-8 296 - 0.89 (.56 0.93
Cook, W.D_;
Mitchell, D.
{1996}
394 Yoon, ¥.S,; Hi-§ 327 0.89 0.52 0.89
Cook, W.D.;
Mitchell, D,
{1996)
395 Yoshida Y., YB2000/0 255 1.20 0.32 0.94
Bentz E., Collins
M. (2000)
mean 1.36 & 1.08 = [.55+
0.33% 0.42 % 0.46 %
std-dev 0.39 0.37 0.42
c.v. 28.58 % 34.59 % 27.43 %

(Reineck et al. 2003)
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A3. Slender heams with web reinforcement

1 Scordelis

2 A-2 305 464 | 4.93 24 23 (.0004
3 A-3 307 466 | 6.91 35 2.8 0.0004
4 B-1 231 461 3.95 25 2.4 0.0003
5 B-2 229 466 | 4.91 23 2.4 0.0005
6 B-3 229 461 | 695 39 3.1 0.0003
7 C-1 156 464 | 3.95 30 1.8 0.0007
8 C-2 152 464 | 4.93 24 3.7 ¢.0004
9 C-3 155 459 | 6.98 33 3.7 0.0003
10 XB-1 231 458 4 25 24 0.0005
11 CA-1 307 459 % 398 27 1.8 0.0004
12 CB-1 229 458 | 3.98 23 2.3 0.0004
13 CC-1 152 459 | 3.98 27 1.9 0.0005
14 RA-1 305 458 | 3.98 25 1.7 0.0005
15 RB-1 229 459 | 3.98 25 22 0.0003
16 RC-1 155 459 | 398 29 1.6 0.0007
17 | Leonhard and E21 190 270 | 2.78 30 2.5 0.0008
18 Waither E31 190 270 | 2.78 28 2.5 0.0009
19 B4l 190 270 | 2.78 30 25 0.0009
20 E3! 190 | 270 | 2.78 30 2.5 0.0009
21 Bresler and CRA-1 305 4606 3.98 25 1.7 0.0004
22 Scordelis CRB-1 229 457 | 4.01 24 23 0.0004
23 CRC-1 155 458§ 4 24 1.7 0.0006
24 IWCRA-1 | 305 457 | 4.01 26 1.7 0.0005
25 IWCRB-1 | 229 459 | 3.99 23 2.3 0.0005
26 IWCRC-1 | 152 460 | 3.98 27 1.7 0.0007
27 IWCA-1 305 | 462 | 3.95 25 1.8 0.0005
28 1WCR-1 231 460 | 3.97 27 2.3 0.0005 .
29 1wWCe-1 153 460 | 3.97 25 1.8 0.0007
30 2WCA-1 305 461 3.96 26 1.8 0.0006
31 IWCA-1 305 460 | 3.97 26 1.8 0.0005
32 Bahl B15 240 300 3 27 1.3 0.0008
33 B25 240 600 3 25 1.3 0.0008
34 B35 240 900 3 26 1.3 0.0008
35 B45 240 | 1200 3 25 1.3 0.0007
36 Placas and RS 152 272 1 336 27 1.3 0.0008
37 Regan RY 152 272 3.36 30 1.5 0.0010
38 R10 152 272 | 336 30 1.0 0.0010
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39 RI1 152 1 272 | 336 | 26 | 10 0.0012
40 R12 152 | 272 1.6 34 42 0.0004
4] RI3 152 | 272 3.6 12 42 0.0006
42 R14 152 | 272 | 3.36 29 15 0.0008
43 R15 152 | 272 3.6 30 42 0.0005
44 R16 152 | 272 3.6 32 42 0.0005
45 R17 152 | 272 | 3.36 13 15 0.0007
46 R18 152 | 272 | 336 31 1.5 0.0008
47 R19 152 | 272 | 336 30 1.5 0.0011
48 R20 152 | 272 | 336 43 15 0.0009
49 R21 152 | 2712 3.6 48 42 0.0006
50 R22 152 | 272 45 30 1.3 0.0008
51 R24 152 | 272 | 5.05 31 42 0.0004
52 R25 152 | 272 3.6 31 42 0.0004
53 R28 152 | 272 3.6 32 4.2 0.0007
34 Swamy and C3 76 95 3 29 2.0 0.0006
55 ¢ Andriopoulos R3 76 95 3 29 2.0 0.0007
56 13 76 95 3 29 2.0 0.0008
57 C4 76 95 4 29 2.0 0.0006
58 03 76 132 3 28 4.0 0.0004
59 73 76 132 3 26 4.0 0.0004
60 Y3 76 132 3 26 4.0 0.0004
61 04 76 132 4 28 4.0 0.0003
62 74 76 132 4 26 4.0 0.0004
63 05 76 132 5 28 4.0 0.0003
64 | Mphonde and B50-3-3 | 152 | 298 3.6 22 3.4 0.0003
65 Frantz B50-7-3 152 | 298 3.6 40 3.4 0.0004
66 B50-11-3 152 | 298 3.6 60 3.4 0.0004
67 B50-15-3 152 | 298 3.6 83 34 0.0004
68 B100-3-3 152 | 298 3.6 28 34 0.0004
69 B100-7-3 152 | 298 3.6 47 3.4 0.0005
70 B100-11-3 | 152 | 298 36 69 3.4 0.0006
71 B100-15-3 | 152 | 298 3.6 82 34 0.0005
72 B150-3-3 152 | 298 36 29 3.4 0.0005
73 B150-7-3 152 | 298 3.6 47 34 0.0005
74 B150-11-3 | 152 | 298 3.6 70 3.4 0.0006
75 B150-15-3 | 152 | 298 3.6 83 3.4 0.0006
76 Elzanaty, - G4 178 | 266 4 63 3.3 0.0006
77 Nilson, G5 178 266 4 40 2.5 0.0006
78 and Slate Gé6 178 | 266 4 21 25 0.0004
79 Johnson and 1 304 | 538 3.1 36 2.5 0.0005
30 Ramirez 2 304 538 3.1 36 2.5 0.0003
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81

Johnson and 3 304 538 3.1 72 2.5 0.0004
82 Ramirez 4 304 538 3.1 72 2.5 (.0005
83 5 304 538 3.1 56 2.5 0.0006
84 7 304 538 3.1 51 2.5 0.0004
85 8 304 538 3.1 51 2.5 0.0004
86 Anderson and Wil 406 345 2.65 29 23 0.0008
87 Ramirez W2 406 345 | 2.65 32 2.3 0.0010
88 W3 406 345 | 2.65 32 273 0.0009
89 W4 406 345 | 2.65 34 2.3 0.0011
90 Roller and 1 356 559 2.5 120 1.7 0.0005
91 Russel 2 156 559 2.5 120 3.0 0.0011
92 6 457 762 3 72 1.7 0.0006
93 7 457 762 3 72 1.9 0.0007
94 8 457 762 3 125 1.9 0.0004
95 9 457 762 3 125 24 0.0005
96 Sarzam and AL2-N 180 235 4 40 22 0.0007
97 Al-Musawi AL2-H 180 | 235 4 75 22 0.0008
98 RL2-H 180 235 4 76 2.8 0.0007
99 CL2-H 180 | 235 4 70 3.5 0.0006
100 Xie et al. NNW-3 127 | 203 3 41 3.2 0.0006
101 NHW-3 127 198 3 98 4.5 0.0006
102 NHW-3a 127 198 3 90 45 0.0006
103 NHW-3b 127 198 3 103 4.5 0.0007
104 | McGormley, BUS-1 203 419 | 3.27 42 30 0.0006
105 Creary, EUS-1 203 419 | 3.27 43 3.0 0.0007
106 | @nd Ramirez BUH-1 203 | 419 | 327 46 3.0 0.0006
107 EUH-1 203 419 | 327 44 3.0 0.0007
108 BUIS-2 203 419 | 3.27 35 30 0.0007
109 EUIS-2 203 419 | 327 48 3.0 0.0007
110 BUIH-2 203 419 | 327 50 3.0 0.0008
111 EUIH-2 203 419 | 327 51 3.0 0.0007
112 BUH-3 203 419 | 327 53 3.0 0.0007
113 EUH-3 203 419 | 3.27 55 3.0 0.0007
114 BUIS-3 203 419 | 327 57 3.0 0.0006
115 EUIS-3 203 419 | 3.27 56 3.0 0.0006
116 | Yoon, Cook, NI-N 375 655 | 3.28 36 2.8 0.0004
117 and N2-8 375 655 | 3.28 36 2.8 0.0003
118 Mitchell N2N 375 | 655 | 3.28 36 2.8 0.0004
119 MI-N 375 655 | 3.28 67 2.8 0.0004
120 M2-8 375 655 | 3.28 67 2.8 0.0005
121 M2-N 375 655 | 3.28 67 2.8 0.0006
122 HI-N 375 655 | 328 87 2.8 0.0004
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123 H2-S 375 655 | 328 87 2.8 0.0005
124 H2-N 375 655 | 328 87 2.8 0.0006
125 Kong and S1-1 250 292 2.5 60 2.8 0.0007
126 Rangan $1-2 250 | 292 25 60 2.8 0.0006
127 $2-3 250 | 292 2.5 69 2.8 0.0007
128 82-4 250 | 292 2.5 69 2.8 0.0006
129 S3-1 250 | 297 | 2.49 64 1.7 0.0010
130 $3-2 250 297 | 249 64 1.7 0.0008
131 83-3 250 | 293 | 249 64 28 0.0007
132 $3-3 250 | 293 | 249 64 2.8 0.0005
133 §4-3 250 346 2.4 83 2.9 0.0006
134 S4-4 250 | 292 23 83 2.8 0.0008
135 S5-1 250 292 | 3.01 85 2.8 0.0007
136 S5-2 250 | 292 | 274 85 2.8 0.0008
137 S5-3 250 | 292 23 85 2.8 0.0007
138 S6-3 250 203 | 2.73 65 2.8 0.0003
139 S6-4 250 | 293 | 2.73 65 2.8 0.0006
140 §7-1 250 294 3.3 71 4.5 0.0004
141 §7-2 250 | 294 33 71 4.5 0.0004
142 S7-3 250 294 33 71 45 0.0005
143 S7-4 250 | 294 3.3 71 4.5 0.0005
144 S7-5 250 294 33 71 4.5 0.0006
145 $7-6 250 294 33 71 4.5 0.0006
146 Zararis and A033 140 | 235 3.6 22 1.4 0.0005
147 Papadalkis A050 140 235 3.6 24 1.4 0.0006
148 A066 140 | 235 3.6 23 1.4 0.0007
149 Al 140 235 36 23 1.4 0.0008
150 B033 140 235 3.6 22 1.4 0.0005
151 BO50 140 | 235 3.6 24 1.4 0.0006
152 B066 140 235 3.6 21 1.4 0.0006
153 C5 140 235 36 22 0.7 0.0014
154 Cé 140 | 235 3.6 21 0.7 0.0012
155 | Karayiannis and A24 200 260 2.77 26 1.5 0.0005
156 Chalioris A36 200 260 | 2.77 26 1.5 0.0007
157 A48 200 1 260 | 277 26 1.5 0.0007
158 AT2 200 | 260 | 277 26 1.5 0.0007
159 B30 260 260 | 3.46 26 2.0 0.0004
160 Bd5 200 | 260 | 3.46 26 2.0 0.0004
161 B60 200 260 | 3.46 26 2.0 0.0004
162 B90 200 260 | 3.46 26 2.0 0.0005
163 Angelakos, DB0.530M | 300 925 | 2.92 32 0.5 0.0010
164 Rentz, DBI20M | 300 925 | 2.92 21 1.0 0.0006
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166

167

168

and Collins

DB140

DB165 300 925 2.92 63 1.0 ¢.0009
DB180M 300 923 2.92 80 L.O 0.0008
BMI100 300 925 2.92 47 0.8 0.0009
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1 Scordelis A-1 330 0.1 192 274 0.4
2 A2 328 0.1 208 256 0.3
3 A-3 330 0.1 223 243 0.2
4 B-1 328 0.15 211 250 0.3
5 B-2 325 0.15 214 252 0.3
6 B-3 325 0.15 230 231 0.2
7 C-1 330 0.2 191 273 0.5
8 C-2 327 0.2 244 220 0.2
9 C-3 323 0.2 242 217 0.2
10 XB-1 337 0.15 210 248 03
11 CA-1 335 0.1 190 269 03
12 CB-1 341 0.13 211 247 3
13 CC-1 342 02 191 268 04
14 RA-1 343 0.1 183 275 0.4
15 RB-1 341 0.15 204 255 0.4
16 RC-1 338 0.2 182 277 0.3
17 | Leonhard and E21 371 0.41 125 145 0.2
18 Walther E31 388 0.42 125 143 0.3
19 E4} 261 0.59 125 145 0.3
20 E5] 278 0.58 125 145 0.3
21 Bresler and CRA-1 350 0.1 i85 275 0.3
22 Scordelis CRB-1 340 0.15 205 252 0.3
23 CRC-1 345 0.2 183 275 0.4
24 I WCRA-! 350 0.1 185 272 0.4
25 1WCRB-1 340 0.15 205 254 0.3
26 1WCRC-1 350 0.2 185 275 0.5
27 1WCA-1 150 0.1 189 273 0.4
28 1WCB-1 340 0.15 208 252 0.3
29 1WCC-1 345 0.2 187 273 0.5
30 2WCA-1 350 0.1 189 272 0.4
31 3WCA-1 350 0.1 188 272 0.4
32 Bahi B15 440 0.15 108 192 0.3
33 B25 440 0.15 216 384 0.6
34 B35 440 0.15 323 577 0.9
33 B45 440 0.15 431 769 1.2
36 Placas and RS 276 021 103 169 0.3
37 Regan R9 267 0.43 103 169 0.4
38 R1Q 276 0.21 38 184 0.5
39 RI1 276 0.21 88 184 0.6
4() R1Z 276 0.21 149 123 02
41 R13 267 0.43 149 123 0.2
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42 Placas and R14 271 0.14 103 169 0.4
43 Regan R15 267 0.43 149 123 0.2
44 R16 267 0.43 149 123 0.2
45 R17 276 021 103 169 0.3
46 R18 276 021 103 169 0.3
47 R19 267 0.43 103 169 0.5
48 R20 276 0.21 103 169 0.4
49 R21 267 0.43 149 123 0.2
50 R22 276 0.21 103 169 0.3
51 R24 276 021 149 123 0.1
52 R23 276 0.21 149 123 0.2
53 R28 268 0.84 149 123 0.2
54 Swamy and C3 275 0.16 40 55 0.1
55 Andriopoulos R3 208 0.38 40 55 0.1
56 13 253 0.43 40 35 0.1
57 C4 283 0.06 40 55 0.1
58 03 258 0.12 71 61 0.1
59 73 179 0.34 71 61 0.1
60 Y3 222 0.6 71 61 0.1
61 04 258 0.12 71 61 0.1
62 74 179 0.34 71 61 0.1
63 05 258 0.12 71 61 0.1
64 Mphonde and B50-3-3 202 0.12 153 145 0.1
63 Frantz B50-7-3 202 0.12 153 145 0.2
66 B50-11-3 202 0.12 153 145 0.2
67 B50-15-3 292 0.12 153 1453 0.2
68 B100-3-3 269 0.26 153 145 0.2
69 B100-7-3 269 0.26 153 145 0.2
70 B100-11-3 269 0.26 153 145 0.2
71 B100-15-3 269 0.26 153 145 0.2
72 B150-3-3 271 0.38 153 145 0.2
73 | B150-7-3 271 038 153 145 0.2
74 B150-11-3 271 0.38 153 145 0.3
75 B150-15-3 271 0.38 153 145 0.2
76 Elzanaty, G4 382 0.17 135 131 0.2
77 Nilson, G3 382 0.17 123 143 0.2
78 and Slate G6 383 017 123 143 0.2
79 Johnson and i 493 0.14 249 289 03
80 Ramirez 2 500 0.07 249 289 0.2
81 3 500 0.07 249 289 0.3
82 4 500 0.07 249 289 0.3
83 5 493 0.14 249 289 0.4
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84 Johnson and 7 500 0.07 249 289 0.3
85 Ramirez 8 500 0.07 249 289 0.3
86 Anderson and Wi 549 6.39 155 190 03
87 Ramirez W2 549 0.39 153 190 0.4
38 W3 549 0.39 155 190 03
89 W4 549 0.39 155 190 0.4
90 Roller and 1 400 0.07 223 336 0.3
91 | Russel 2 451 0.43 277 282 0.6
92 6 450 0.08 309 453 0.6
93 7 444 0.16 319 443 0.7
94 8 450 0.08 319 443 0.4
95 9 444 0.16 345 417 0.5
96 Sarzam and AL2-N 844 0.09 105 130 0.3
97 Al-Musawi AL2-H 844 0.09 103 130 0.3
98 BL2-H 344 0.09 114 121 02
99 CL2-H 844 0.09 122 113 0.2
100 Xie et al. NNW-3 322 0.49 102 101 02
101 NHW-3 324 0.51 112 86 0.1
102 NHW-3a 323 0.65 112 86 0.1
103 NHW-3b 324 0.78 112 86 0.1
104 | McGormley, BUS-1 426 0.34 207 212 0.3
105 Creary, EUS-1 426 0.34 207 212 0.4
106 | @nd Ramirez BUH-1 426 0.34 207 212 0.3
107 EUH-1 426 0.34 207 212 0.4
108 BUIS-2 426 0.34 207 212 0.4
109 EUIS-2 426 0.34 207 212 0.4
110 BUIH-2 426 0.34 207 212 0.4
111 EUIH-2 426 0.34 207 212 0.4
112 BUH-3 426 0.34 207 212 0.4
113 EUH-3 426 0.34 207 212 0.4
114 BUIS-3 426 034 207 212 0.3
115 BEUIS-3 426 0.34 207 212 0.3
116 |  Yoon, Cook, NI-N 438 0.08 316 339 0.3
117 and N2-S 438 0.08 316 339 0.3
118 Mitchell NZ-N 417 0.12 316 339 04
119 MI1-N 438 0.08 316 339 0.3
120 M2-S 417 0.12 316 339 0.4
121 M2-N 438 0.16 316 339 0.5
122 HI-N 438 0.08 316 339 0.4
123 H2-S 429 0.14 316 339 0.4
124 H2-N 435 0.23 316 339 0.5
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126 Rangan S1-2 556 0.16 141 151 0.2
127 §2-3 556 0.16 141 151 0.2
128 $24 556 0.16 141 151 0.2
129 83-1 640 0.1 119 178 0.3
130 832 640 0.1 119 178 0.3
131 §3.3 640 0.1 141 152 0.2
132 S3-3 640 0.1 141 152 0.2
133 $4-3 556 0.16 168 178 0.2
134 S4-4 556 0.16 141 151 0.2
135 §5-1 556 0.16 141 151 0.2
136 S5.2 556 0.16 141 151 0.2
137 S5-3 556 0.16 141 151 0.2
138 $6-3 640 0.1 141 152 02
139 S6-4 640 0.1 141 152 0.2
140 S7-1 600 0.1 165 129 0.2
141 872 554 0.13 165 129 0.1
142 $7-3 356 0.16 165 129 02
143 87-4 560 0.2 165 129 0.2
144 87-5 577 0.22 165 129 0.2
145 S7-6 573 026 165 129 02
146 Zararis and A033 267 0.09 87 148 0.2
147 Papadakis A030 264 0.14 87 148 0.3
148 A066 263 0.19 87 148 0.3
149 Al 270 027 87 148 03
150 B033 267 0.06 87 148 0.2
151 B050 256 0.09 87 148 0.2
152 B066 258 0.12 87 148 02
153 Cs 270 0.27 66 169 0.6
154 C6 271 0.17 66 169 0.5
155  Karayiannis and A24 263 0.08 99 6l 0.2
156 Chalioris A36 267 0.12 99 161 0.2
157 A48 269 0.16 99 161 0.2
158 A72 256 0.25 99 161 0.2
139 B30 275 0.04 110 150 0.2
160 Bd5 243 0.07 110 150 0.2
161 B60 256 0.09 110 150 0.2
162 B90 262 0.13 110 150 0.2
163 Angelakos, DR0.530M 500 0.08 227 698 1.4
164 Bentz, DB120M 500 0.08 305 620 0.7
165 | and Collins DB140 500 0.08 305 620 0.7
166 DB165 500 0.08 305 620 1.1
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167

DB18OM

500

0.08

303

620

1.0

168

BMI100

500

0.08

271

054

12
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233

1 Scordelis Al 121 1.32
2 A2 245 1.21 1.59
3 A3 234 1.01 1.56
4 B-1 223 1.29 1.47
5 B-2 200 1.15 1.48
6 B-3 178 0.89 131
7 C-1 156 1.18 1.23
8 C-2 162 1.18 1.54
9 C-3 136 0.91 1.32
10 XB-1 200 1.14 1.32
11 CA-1 165 0.80 0.91
12 CB-1 176 0.99 1.15
13 CC-1 110 0.81 0.89
14 RA-1 200 1.02 1.13
15 RB-1 200 1.15 1.31
16 RC-1 137 1.03 1.08
17 Leonhard and E21 171 1.24 1.09
18 Walther E3l 186 1.32 1.16
19 E4l 188 1.35 1.19
20 E5i 189 1.33 1.17
21 Bresler and CRA-1 168 0.83 0.94
22 Scordelis CRB-1 173 0.99 1.15
23 CRC-1 119 0.89 0.98
24 1WCRA-1 215 1.09 1.19
25 1WCRB-1 204 1.18 136
26 IWCRC-1 143 1.10 1.16
27 TWCA-1 220 111 1.22
28 1WCB-1 202 1.12 1.27
29 [WCC-1 143 1.09 1.17
30 2WCA-1 242 1.23 1.32 -
31 IWCA-1 208 1.04 1.14
32 Bahl B15 130 1.08 0.93
33 B25 253 .17 0.93
34 B35 373 1.24 0.90
35 B45 468 1.21 0.86
36 Placas and RS 30 1.12 111
37 Regan R9 105 1.00 1.00
38 RIO 76 1.11 1.00
39 R11 90 1.39 1.24
40 R1Z2 117 1.43 1.59
41 R13 160 1.42 1.60
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42 Placas and R14 S0 1.50 1.40
43 Regan R15 150 1.34 1.53
44 RI6 150 1.33 1.50
45 R17 70 1.13 1.26
46 R18 g5 1.15 1.10
47 R19 120 1.16 1.14
48 R20 90 1.15 1.03
49 R21 160 1.33 1.41
30 R22 80 1.05 1.21
51 R24 99 1.21 1.61
52 R25 112 1.40 1.57
33 R28 192 1.10 1.25
54 Swamy and C3 16 1.37 1.25
55 | Andriopoulos R3 18 1.25 1.17
56 13 21 1.20 1.14
57 c4 14 1.39 1.69
58 03 25 1.74 1.67
59 73 28 1.58 1.35
60 Y3 29 1.11 1.11
61 | 04 20 1.27 1.58
62 74 26 1.31 1.62
63 03 19 1.18 1.70
64 Mphonde and B50-3-3 76 1.14 1.35
65 Frantz B50-7-3 94 1.20 1.25
66 B50-11-3 98 1.11 1.06
67 B50-15-3 111 1.16 1.01
68 B100-3-3 95 1.02 1.16
69 B100-7-3 121 1.16 1.20
70 B100-11-3 151 1.35 128
71 B100-15-3 116 0.98 0.90
72 B150-3-3 138 1.22 1.37
73 B150-7-3 133 1.08 1.13
74 B150-11-3 162 1.22 1.18
75 B150-15-3 150 1.09 1.02
76 Elzanaty, G4 149 1.34 1.01
77 Nilson, G35 i1l 1.11 1.22
78 and Slate G6 78 0.87 1.07
79 Johnson and 1 339 1.06 0.96
80 Ramirez 2 222 0.86 0.78
81 3 263 0.82 0.54
82 4 316 1.00 0.54
83 5 383 1.07 0.90
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84 Johnson and 7 281 0.98 0.82
85 Ramirez 8 258 0.90 0.75
86 Anderson and W1 460 1.04 0.87
87 Ramirez W2 549 1.22 1.02
88 W3 505 1.12 0.93
89 W4 585 129 1.07
90 Roller and 1 298 0.63 0.38
91 Russel 2 1100 1.26 0.96
92 6 666 1.13 0.73
93 7 788 1.07 0.75
94 8 483 0.60 0.39
95 9 750 0.77 0.54
96 Sarzam and AL2-N 115 1.20 1.30
97 Al-Musawi AL2-H 123 .14 1.09
98 BL2-H 138 1.26 1.23
99 CL2-H 147 1.35 1.36
100 Xie et al, NNW-3 87 1.07 1.02
101 NHW-3 102 1.06 0.90
102 NHW-3a 108 1.01 0.89
103 NHW-3b 123 0.99 0.88
104 |  McGormley, BUS-1 272 1.03 1.03
105 Creary, EUS-1 298 1.13 1.12
106 | @nd Ramirez BUH-1 276 1.03 1.02
107 EUH-1 307 1.6 1.14
108 BUIS-2 316 1.24 1.26
109 FUIS-2 312 1.16 1.13
110 BUTH-2 334 1.24 1.20
111 BUIH-2 320 1.19 1.14
112 BUH-3 289 1.05 1.01
113 BUH-3 312 1.13 1.08
114 RUIS-3 267 0.96 0.92
115 EUIS-3 267 0.96 0.92
116 | Yoon, Cook, NI-N 457 1.19 .11
117 and N2-§ 363 0.93 0.88
118 Mitchell N2-N 433 .12 1.06
119 MI-N 405 0.86 0.71
120 M2-S 552 1.09 0.90
121 M2-N 689 1.24 1.03
122 HI-N 483 0.97 0.73
123 H2-S 598 1.05 0.82
124 H2-N 721 1.05 0.85
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123 Kong and Sl-1 228 1.30 0.96
126 Rangan S1-2 208 1.19 0.87
127 $2-3 253 1.38 1.00
128 S2-4 219 1.19 0.86
129 S3-1 209 1.42 0.90
130 S3-2 178 1.21 0.77
131 83-3 229 1.41 1.01
132 $3-3 175 1.08 0.77
133 S4-3 243 1.00 0.72
134 S4-4 258 1.33 0.93
135 85-1 242 1.20 0.96
136 85-2 260 1.31 0.98
137 $5-3 244 1.25 0.87
138 $6-3 178 1.06 0.83
139 S6-4 214 128 0.99
140 §7-1 217 1.24 1.11
141 872 205 1.10 1.00
142 87-3 247 1.22 1.12
143 §7.4 274 1.22 1.15
144 S7-5 304 1.28 1.21
145 §7-6 311 1.20 1.15
146 Zararis and A033 40 0.97 1.07
147 Papadakis A050 50 1.04 1.12
148 A066 59 1.12 1.21
149 Al 64 0.99 1.08
150 B033 36 0.96 1.05
151 B050 44 1.06 1.13
152 B066 45 1.02 1.14
153 C5 56 0.99 0.95
154 Cé 47 1.05 1.01
155 | Karayiannis and A24 64 1.14 0.86
156 Chalioris A36 89 1.44 1.09
157 A48 89 1.30 1.01
158 AT2 93 1.15 0.92
159 B30 71 1.19 1.25
160 B45 71 .11 1.17
161 B60 77 1.12 1.18
162 B90 85 1.11 1.18
163 Angelakos, DB0.530M 263 1.02 0.52
164 Bentz, DBI1Z20M 282 0.98 0.69
165 |  and Collins DB140 277 0.80 0.51
166 DB165 452 124 0.63
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167 | DB180M 395 1.02 0.49
168 BM100 342 1.10 0.56
mean 1.14+£ 020 % 1.08 £0.56 %
std-dev 0.17 0.26
c.v. 14.6 7% 2436 %

{Chen and MacGregor 1993; Krefeld and Thurston 1966; Zararis 2003)
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A4. Deep beams with web reinforcement

305

1 Smith and 1A1-10 102 60 102 305 1.00
Vantsiotis (1982)
2 Smith and 1A3-11 102 60 102 305 305 1.00
Vantsiotis (1982)
3 Smith and 1A4-12 102 60 102 303 305 1.00
Vantsiotis (1982)
4 Smith and. 1A4-51 102 60 102 305 308 1.00
Vantsiotis (1982)
5 Smith and 1A6-37 102 60 102 305 305 1.00
Vantsiotis {1982)
6 Smith and 2A1-38 102 60 102 305 305 1.00
Vantsiotis {1982)
7 Smith and 2A3-39 102 60 102 305 305 1.00
Vantsiotis (1982) |
8 Smith and 2A4-40 102 60 102 303 305 1.00
Vantsiotis (1982)
9 Smith and 2A6-61 102 60 102 305 305 1.00
Vantsiotis (1982) '
10 Smith and 3A1-42 102 60 102 305 305 1.00
Vantsiotis (1982)
11 Smith and 3A3-43 102 60 102 305 305 1.00
Vantsiotis (1982)
12 Smith and 3A4-45 102 60 102 305 305 .00
Vantsiotis (1982)
13 Smith and 3A6-46 102 60 102 305 305 1.00
Vantsiotis (1982)
14 Smith and iB1-04 102 60 102 305 368 1.21
Vantsiotis (1982)
15 Smith and 1B3-29 102 60 102 305 368 1.21
Vantsiotis (1982)
i6 Smith and 1B4-40 102 60 102 305 368 1.21
Vantsiotis (1982)
17 Smith and 1B6-31 102 60 102 305 368 1.21
Vantsiotis (1982)
18 Smith and 2B1-05 102 60 102 305 368 1.21
| Vantsiotis (1982)
19 Smith and 2B3-06 102 60 102 305 368 1.21
Vantsiotis (1982)
20 Smith and 2B4-07 102 60 102 305 368 1.21
Vantsiotis (1982)
21 Smith and 2B4-32 102 60 102 305 368 1.21
Vantsiotis {1982)
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22 Smith and 2B6-32 102 60 102 305 368 1.21
Vantsiotis {1982)

23 Smith and 3BI1-08 102 60 102 305 368 121
Vantsiotis (1982)

24 Smith and 3B1-36 102 60 102 305 368 1.21
Vantsiotis (1982)

25 Smith and 3B3-33 102 60 102 305 368 1.21
Vantsiotis (1982)

26 Smith and 3B4-34 102 60 102 305 368 1.21
Vantsiotis (1982)

27 Smith and 3B6-35 102 60 102 305 368 121
Vantsiotis (1982)

28 Smith and 4B1-09 102 60 102 305 368 121
Vantsiotis {1982)

29 Smith and iCl1-14 102 60 102 305 457 1.50
Vantsiotis {1982)

30 Smith and 1C3-02 102 60 102 305 457 1.30
Vantsiotis (1982)

31 Smith and 1C4-15 102 60 102 305 437 1.50
Vantsiotis (1982)

32 Smith and 1C6-16 102 60 102 305 457 1.30
Vantsiotis (1982) ]

33 Smith and 2C1-17 102 60 102 305 457 1.50
Vantsiotis {1982)

34 Smith and 2C3-03 102 60 102 305 457 1.50
Vantsiotis (1982)

35 Smith and 2C3-27 102 60 162 305 457 1.50
Vantsiotis (1982)

36 Smith and 2C4-18 102 60 102 305 457 1.50
Vantsiotis (1982) '

37 Smith and 2C6-19 102 60 . 102 305 457 1.50
Vantsiotis (1982)

38 Smith and 3C1-20 102 60 102 305 457 1.50
Vantsiotis (1982)

39 Smith and 3C3-21 102 60 162 305 457 1.50
Vantsiotis (1982)

40 Smith and 3C4-22 102 60 102 305 457 1.50
Vantsiotis (1982)

41 Smith and 3C6-23 102 60 102 305 457 1.50
Vantsiotis (1982)

42 Smith and 4C1-24 102 60 102 305 457 1.50
Vantsiotis (1982)

43 Smith and 4C3-04 102 60 102 305 457 1.50
Vantsiotis (1982)

44 Smith and 4C3-28 102 60 102 305 457 [.50
Vantsiotis (1982)
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45 Smith and 4C4-25 102 60 102 305 457 1.50
Vantsiotis {1982)

46 Smith and 4C6-26 102 60 102 305 457 1.50
Vantsiotis (1982)

47 Kong, Robins [-30 76 76 76 724 254 0.35
and Cole (1970)

48 Kong, Robins 1-25 76 76 76 597 254 0.43
and Cole (1970)

49 Kong, Robins 1-20 76 76 76 470 254 0.54
and Cole {1970)

50 Kong, Robins 1-15 76 76 76 343 254 0.74
and Cole (1970) '

51 Kong, Robins 1-10 76 76 76 216 254 1.18
and Cole (1970)

32 Kong, Robins 2-30 76 76 76 724 254 0.35
and Cole (1970)

53 Kong, Robins 225 76 76 76 597 254 0.43
and Cole (1970)

54 Kong, Robins 2-20 76 76 76 470 254 0.54
and Cole (1970)

55 Kong, Robins 2-15 76 76 76 343 254 0.74
and Cole (1970)

56 Kong, Robins 2-10 76 76 76 216 254 1.18
and Cole (1970)

57 Kong, Robins 5-30 76 76 76 724 254 0.35
and Cole (1970)

58 Kong, Rebins 5-25 76 76 76 597 254 0.43
and Cole {1970)

59 Kong, Robins 5-20 76 76 76 470 254 0.54
and Cole (1970}

60 Kong, Robins 5-15 76 76 76 343 254 0.74
and Cole (1970)

61 Kong, Robins 5-10 76 76 76 216 254 1.18
and Cole (1970)

62 Clark (1951) Al-1 89 136 203 389 914 2.35

63 Clark (1951) Al-2 89 136 203 389 914 2.35

64 Clark (1951) Al-3 89 136 203 389 914 2.35

65 Clark (1951) Al-4 89 136 203 | 389 | 914 | 2.35

66 Clark (1951) Bi-1 89 136 203 389 762 1.96

67 Clark (1951) Bi-2 89 136 203 389 762 1.96

63 Clark (1951) BI-3 89 136 203 | 389 | 762 | 1.96

69 Clark (1951) Bi-4 89 136 203 389 762 1.96

70 Clark (1951) BIL-5 89 136 203 389 762 1.96

71 Clark (1951) B2-1 89 136 203 389 762 1.96

72 Clark (1951) B2-2 89 136 203 | 389 | 762 | 1.96

73 Clark (1951 B2-3 89 136 203 389 762 1.96
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74 | Clark (1951) B6-1 89 136 203 | 389 | 762 | 1.96
75 Clark (1951) Cl-1 89 136 203 | 389 | 611 | 1.57
76 | Clark (1951) Cl-2 89 136 203 | 389 | 611 | 157
77 Clark (1951) C1-3 89 136 203 | 389 | 611 | 1.57
78 Clark (1951) Cl4 89 136 203 | 389 | 61l | 1.57
79 Clark (1951) C2-1 89 136 203 | 389 | 611 | 157
80 | Clark (1951} C2-2 89 136 | 203 | 389 | 6l1 | 157
81 Clark (1951) C23 89 136 | 203 | 389 | 611 | 1.57
82 Clark (1951) C2-4 89 136 203 | 389 | 611 | 1.57
83 Clark (1951) C3-1 89 136 | 203 | 389 | 611 | 1.57
84 | Clark (1951) C3-2 80 136 203 | 389 | 611 | 1.57
85 Clark (1951) C33 89 136 203 | 389 | 611 | 1.57
86 | Clark (1951) C4-1 89 136 203 | 389 | 611 | 1.57
87 Clark (1951} C6-2 89 136 | 203 | 389 | 611 | 1.57
88 Clark (1951) C6-3 89 136 203 | 389 | 611 | 1.57
89 Clark (1951) C6-4 89 136 | 203 | 389 | 611 | 1.57
90 | Clark (1951) D1-6 89 134 152 | 3t4 | 612 | 195
9] Clark (1951) D1-7 89 134 152 | 314 | 612 | 1.95
92 | Clark (1951) D1-8 89 134 152 | 314 | 612 | 195
93 Clark (1951) El-2 89 134 152 | 314 | 634 | 2.02
94 Clark (1951) D26 89 134 152 | 314 | 763 | 243
95 Clark (1951) D2-7 89 134 152 | 314 | 763 | 2.43
96 | Clark (1951) D2-8 89 134 152 | 314 | 763 | 2.43
97 Clark (1951) D4-1 89 134 152 | 314 | 763 | 2.43
98 Clark (1951) D4-2 89 134 152 | 314 | 763 | 243
99 | Clark (1951) D4-3 89 134 152 | 314 | 763 | 243
100 | Clark (1951) D5-1 89 134 152 | 314 | 763 | 243
101 | Clark (1951) D5-2 89 134 152 | 314 | 763 | 2.43
102 | Clark (1951) D5-3 89 134 152 | 314 | 763 | 2.43
103 | Shinetal. (1999) | MHBI.5- 44 68 125 | 215 | 323 | 150
2.5
104 | Shinetal. (1999) | MHBIL.5- 44 68 | 125 | 215 | 323 | 1.50
50
105 | Shin etal, (1999) | MHBI.5- 44 68 125 | 215 | 323 | 1.50
75
106 | Shinetal. (1999) | MHBI.5- 44 68 125 | 215 | 323 | 1.50
100
107 | Shinetal. (1999) | MHB2.0- 44 68 125 | 215 | 430 | 2.00
25
108 | Shinetal. (1999) | MIB2.0- 44 68 125 | 215 | 430 | 2.00
50
109 | Shin et al. (1999) | MHB2.0- 44 68 125 | 215 | 430 | 2.00
75
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6%

110 | Shin et al. (1999) | MHB2.0- 44 125 215 430 2.00
100
111 | Shinetal (1999) | MHB2.5- 44 68 125 213 538 2.50
25
112 | Shinetal (1999) | MHB2.5- 44 68 125 215 538 2.50
50
113 | Shinetal. (1999) | MHB2.3- 44 68 125 215 538 2,50
75
114 { Shinetal. (1999) | MHB2.5- 44 68 125 215 538 2.50
160
115 | Shinetal. (1999} | HBL.5-25 44 68 125 215 323 1.50
116 | Shinetal. (1999} | HBI.5-50 44 68 125 215 323 1.50
{17 | Shinetal. (1999) ! HB1.3.75 44 68 125 215 323 1.30
118 | Shinet al. (1999) | HB1.5-100 44 68 125 215 323 1.50
119 | Shin et al. (1999) | HB2.0-23 44 68 125 215 430 2.00
120 | Shin et al. (1999) | HB2.0-50 44 68 125 215 430 2.00
121 | Shinetal (1999) | HB2.0-73 44 68 i25 215 430 2.00
122 | Shin et al. (1999) | HB2.0-100 44 68 125 215 430 2.00
123 | Shinetal. (1999) | HB2.5-25 44 68 123 215 538 2.50
124 ¢ Shin et al. {1999) | HB2.5-50 44 68 125 215 538 2.50
125 | Shin et al. (1999) | HB2,5-75 44 68 1235 215 538 2.50
126 | Shin etal. {(1999) | HB2.5-1G0 44 68 125 215 538 2.50
127 | Rogowskyetal. | BM1/1.5T2 200 130 200 535 1000 1.87
(1986)
128 | Rogowskyetal. | BM2/1.5T2 102 130 200 335 1000 | 1.87
(1986)
129 1 Rogowsky etal. | BM1/2.072 200 90 200 | 435 1001 2.20
(1986)
130 | Rogowsky etal. | BM2/2.0T2 102 86 200 455 1601 | 2.20
(1986)
131 Subedi, Vardy 1A2 150 180 100 4350 190 0.42
and Kubota
(1986)
132 Subedi, Vardy 2A2 150 180 100 450 190 0.42
and Kubota
(1986)
133 Subedi, Vardy 1B2 150 100 100 450 690 1.33
and Kubota
(1986)
| 134 Subedi, Vardy 1C2 150 225 100 850 390 0.46
and Kubota
(1986)
135 Subedi, Vardy 12 150 100 100 850 1290 1.52
and Kubota
{1986)
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Subedi, Vardy

2D2

and Kubota

{1986)

137 | Kong and Teng N-2a 200 150 150 525 900 1.71
{1594)

138 | Kong and Teng N-3a 200 150 150 525 900 1.71
{1994) ' ,

139 | Kong and Teng N-2b 200 100 150 | 550 | 900 | 1.64
{1994)

140 | Kong and Teng N-3b 200 100 150 550 %00 1.64

‘ (1954)

141 | Kongand Teng | A33-0.03 180 120 30 940 400 0.43
(1994)

142 | Kong and Teng B33-0.05 80 120 30 940 220 0.23
(1994)

143 | Kongand Teng A40-0.05 180 120 25 9490 400 0.43
(1994)

144 | Kong and Teng B40-0.05 80 120 25 940 220 (.23
(1994)

145 | Kongand Teng | AS50-0.05 180 120 20 940 400 (.43
(1994)

146 | Kongand Teng B50-0.05 80 120 20 940 220 0.23
(1994)
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1.9. e

431

0.2

03

Smith and 1Al-1 437 19
Vantsiotis (1982)
2 Smith and 1A3-11 18 431 0.5 437 0.3 1.9
Vantsiotis (1982)
3 Smith and [A4-12 16 431 0.7 437 0.3 1.9
Vantsiotis {1982)
4 Smith and 1A4-51 21 431 0.7 437 0.3 19
Vantsiotis (1982)
5 Smith and 1A6-37 21 431 09 437 0.3 1.9
Vantsiotis (1982)
6 Smith and 2A1-38 22 431 0.2 437 0.6 1.9
Vantsiotis (1982)
7 Smith and 2A3-39 20 431 0.5 437 0.6 1.9
Vantsiotis (1982) '
8 Smith and 2A4-40 20 431 0.7 437 0.6 1.9
Vantsiotis (1982)
9 Smith and 2A6-61 19 431 0.9 437 0.6 1.9
Vantsiotis (1982) ]
10 Smith and 3A1-42 18 431 0.2 437 1.3 1.9
Vantsiotis {1982)
11 Smith and 3A3-43 19 431 0.5 437 1.3 19
Vantsiotis (1982)
12 Smith and 3A4-45 21 431 0.7 437 13 1.9
Vantsiotis {1982)
13 Smith and 3A6-46 20 431 0.9 437 1.3 1.9
Vantsiotis (1982)
14 Smith and 1B1-04 22 431 0.2 437 0.2 1.9
Vantsiotis (1982)
15 Smith and 1B3-29 20 431 0.5 437 0.2 19
Vantsiotis {1982)
16 Smith and 1B4-40 21 431 0.7 437 0.2 1.9
Vantsiotis {1982)
17 Smith and 1B6-31 20 431 09 437 0.2 1.9
Vantsiotis (1982)
18 Smith and 2B1-035 19 43] 02 437 0.4 1.9
Vantsiotis (1982)
19 Smith and 2B3-06 i9 431 0.5 437 0.4 1.9
Vantsiotis (1982}
20 Smith and 2B4-07 17 431 0.7 437 0.4 1.9
Vantsiotis (1982)
21 Smith and 2B4-32 22 431 0.7 437 04 1.9
Vantsiotis (1982)
22 Smith and 2B6-32 20 431 0.9 437 04 1.9
Vantsiotis {1982)
23 Smith and 3B1-08 16 431 0.2 437 0.6 1.9

Vantsiotis (1982)
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Smith and

Vantsiotis (1982)
25 Smith and 3B3-33 19 431 0.5 437 0.8 1.9
Vantsiotis {1982)
26 Smith and 3B4-34 19 431 0.7 437 0.8 1.9
Vantsiotis (1982)
27 Smith and 3B6-35 21 431 0.9 437 0.8 1.9
Vantsiotis (1982)
28 Smith and 4B1-09 17 431 0.2 437 1.3 1.9
Vantsiotis (1982)
29 Smith and 1Ci-14 19 431 0.2 437 0.2 1.9
Vantsiotis (1982)
30 Smith and 1C3-02 22 431 0.5 437 0.2 1.9
Vantsiotis (1982)
31 Smith and 1C4-15 23 431 0.7 437 0.2 1.9
Vantsiotis (1982)
32 Smith and 1Co-16 22 431 0.9 437 0.2 1.9
Vantsiotis {(1982)
33 Smith and 2C1-17 20 431 02 437 0.3 1.9
Vantsiotis (1982)
34 Stith and 2C3-03 19 431 0.5 437 0.3 1.9
Vantsiotis (1982)
35 Smith and 2C3-27 19 431 0.5 437 0.3 1.9
Vantstotis (1982)
36 Smith and 2C4-18 20 431 6.7 437 0.3 1.9
Vantsiotis (1982)
37 Smith and 2C6-19 21 431 0.9 437 03 1.9
Vantsiotis (1982)
38 Smith and 3C1-20 21 431 0.2 437 0.6 1.9
| Vantsiotis {1982)
39 Smith and 03C3-21 17 431 0.5 437 0.6 1.9
Vantsiotis (1982)
40 Smith and 3C4-22 18 431 0.7 437 0.6 1.9
Vantsiotis (1982) : .
41 Smith and 3C6-23 19 431 0.9 437 0.6 19
Vantsiotis (1982}
42 Smith and 4C1-24 20 431 02 437 0.8 1.9
Vantsiotis {1982)
43 Smith and 4C3-04 19 431 0.5 437 0.6 1.9
Vantsiotis (1982)
44 Smith and 4C3-28 19 431 0.5 437 0.8 1.9
Vantsiotis (1982)
45 Smith and 4C4-25 19 431 0.7 437 038 1.9
Vantsiotis (1982)
46 Smith and 4C6-26 21 43] 0.9 437 0.8 19
Vantsiotis {1982)
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47

Kong, Robins

1-30

22

287

0.5

280

25

0.5

and Cole (1970)

43 Kong, Robins 1-25 25 287 0.6 280 2.5 0.6
and Cole (1970)

49 Kong, Robins 1-20 21 287 0.8 280 2.5 0.8
and Cole (1970)

50 Kong, Robins 1-13 21 287 1.1 280 2.5 1.1
and Cole (1970)

51 Kong, Robins 1-10 22 287 1.7 280 | 2.5 1.7
and Cole (1970)

32 Kong, Robins 2-30 19 287 0.5 303 0.9 0.3
and Cole (1970) :

53 Kong, Robins 2-25 19 287 0.6 303 0.9 0.6
and Cole (1970

54 Kong, Robins 2-20 20 287 0.8 303 0.9 0.8
and Cole (1970)

55 Kong, Robins 2-15 23 287 i1 303 0.9 1.1
and Cole (1970)

56 Kong, Robins 2-10 20 287 1.7 303 0.9 1.7
and Cole (1970)

57 Kong, Robins 5-30 19 287 0.6 280 0.6 0.5
and Cole (1970) :

58 Kong, Robins 5-25 19 287 0.6 280 0.6 0.6
and Cole (1970) ‘

59 Kong, Robins 5-20 20 287 0.6 280 0.6 0.8
and Cole (1970)

60 Kong, Robins 5-13 22 287 0.6 280 0.6 1.1
and Cole (1970)

61 Kong, Robins 5-10 23 287 0.6 280 (.6 1.7
and Cole (1970)

62 Clark (1951) Al-1 25 331 0.4 3.1

63 Clark (1951) Al-2 24 331 0.4 3.1

64 Clark (1951) Al-3 23 331 0.4 3.1

65 Clark (1951) Al-4 25 331 0.4 3.1

66 Clark (1951) Bi-1 23 331 0.4 31

67 Clark (1951) B1-2 25 331 0.4 3.1

68 Clark (1951) B1-3 24 331 0.4 3.1

69 Clark (1951) B1-4 23 331 0.4 3.1

70 Clark (1951) B1-5 25 331 04 31

71 Clark (1951) B2-1 23 331 0.7 3.1

72 Clark {1951) B2-2 26 331 0.7 3.1

73 Clark (1951) B2-3 25 331 0.7 3.1

74 Clark (1951) B6-1 42 331 0.4 3.1

75 Clark {1951) Ci-1 26 331 0.3 2.1

76 Clark (1951) C1-2 26 331 03 2.1
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Clark (1951)

Cl-3

03

78 | Clark (1951) Cl-4 29 331 2.1
79 | Clark (1951) C2-1 24 331 0.7 21
80 | Clark(1951) C2-2 25 331 0.7 2.1
81 Clark (1951) 23 24 331 0.7 2.1
82 | Clark (1951) 24 27 331 0.7 2.1
83 Clark (1951) C3-1 14 331 3 21
84 | Clark (1951) C3-2 14 331 0.3 2.1
85 | Clark (1951) C3-3 14 331 0.3 2.1
86 | Clark (1951) Cd-1 24 331 03 31
87 | Clark (1951) C6-2 45 331 0.3 30
88 | Clark (1951) C6-3 45 331 0.3 3.1
89 | Clark (1951) C6-4 43 331 03 31
90 | Clark (1951) D16 28] 331 05 3.4
91 Clark (1951) D1-7 28 331 0.5 34
92 | Clark (1951) D1-8 28 331 0.3 34
93 | Clark (1951) E12 30 331 0.7 34
94 | Clark (1951} D2-6 29 331 0.6 34
95 | Clak (1951 D2-7 28 331 0.6 34
96 | Clark (1951) D2-8 26 331 0.6 5.4
97 | Clark (1951) D4-1 27 331 0.5 34
98 | Clark (1951) D4-2 26 331 0.5 3
99 | Clark (1951) D4-3 22 331 0.5 34
100 |  Clark (1951) D5-1 28 331 04 3.4
101 | Clark (1951) D5-2 29 331 04 34
102 | Clark (1951) D5-3 27 331 04 3.4
103 | Shinet al. (1999) | MHBL.5- | 52 414 0.3 3.8
' 2.5
104 | Shinetal. (1999) | MHBI1.5- | 52 414 0.9 3.3
50
105 | Shinetal. (1999) | MHBIL.5- | 52 414 1.4 3.8
75
106 | Shinetal. (1999) | MHBL.5- | 52 414 138 3.8
100
107 | Shinetal (1999) | MHB2.0- | 52 414 0.3 38
25
108 | Shinetal. (1999) | MHB2.0- | 52 414 0.7 3.8
50
109 | Shin et al. (1999) | MHB2.0- | 52 414 10 3.8
75
110 | Shinetal. (1999) | MHB2.0- | 52 414 13 3.8
100
111 | Shinetal (1999) | MHB2.5- | 52 414 03 38
25
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112 | Shinetal (1999) | MHB2.5- 32 414 0.5 3.8
30
113 | Shinetal (1999) | MHB25- | 52 414 0.7 3.8
75
114 ; Shinetal (1999) | MHB2.5- 52 414 0.9 3.8
100
115 | Shinetal (1999) | HBI1.5-25 73 414 0.5 3.8
116 | Shinetal (1999) | HB1.5-50 73 414 0.9 3.8
117 | Shinetal (1999) | HBI.53-753 73 414 1.4 3.8
118 | Shinetal. (1999) | HB1.5-160 | 73 414 1.8 38
119 | Shin etal. (1999) | HB2.0-25 73 414 0.3 3.8
120 | Shin et al. (1999) | HB2.0-50 73 414 0.7 338
121 | Shinetal (1999) { HB2.0-75 73 414 1.0 3.8
122 | Shinet al. {1999) | HB2.0-100 73 414 1.3 3.8
123 | Shinetal. (1999) | HB2.5-25 73 414 0.3 3.8
124 | Shinetal. {1999) | HB2.5-50 73 414 0.5 3.8
125 | Shin et al. {1999) | HB2.5-75 73 414 0.7 3.8
126 | Shinetal (1999) | HB2.5-100 73 414 0.9 3.8
127 | Rogowskyetal. | BMU/L.5T2 | 42 570 0.2 Il
{1986)
128 | Rogowskyetal | BM2/I.5T2 | 42 570 0.3 570 02 1.1
(1986)
129 | Rogowskyetal. | BM1/2.0T2 43 570 0.2 0.9
(1986)
130 | Rogowskyetal. | BM2/2.0T2 43 370 0.3 570 0.2 0.9
(1986)
131 Subedi, Vardy 1A2 30 493 0.5 454 0.2 0.9
and Kubota
(1986)
132 Subedi, Vardy 2A2 23 322 0.3 438 0.2 0.9
and Kubota
(1986)
133 Subedi, Vardy B2 30 493 0.5 454 0.2 (.9
and Kubota
{1986)
134 Subedi, Vardy 1C2 28 330 0.4 454 0.2 1.2
and Kubota
(1986)
135 Subedi, Vardy 1D2 33 330 0.4 454 0.2 12
and Kubota
{1986) ‘
136 Subedi, Vardy 2D2 32 303 0.4 438 0.2 1.2
and Kubota
(1986)
137 | Kongand Teng N-2a 37 600 0.0 350 0.7 1.9
(1994)
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37

138 | Kong and Teng N-3a 600 0.8 350 0.7 1.9
(1994)

139 | Kong and Teng N-2b 40 600 0.0 350 0.7 0.9
‘ (1994)

140 | Kong and Teng N-3b 40 600 0.8 350 0.7 0.9
(1994)

141 | Kongand Teng | A33-0.05 73 436 0.7 314 04 1.2
(1994)

142 | Kong and Teng B33-0.05 75 430 0.7 314 0.4 1.2
(1994)

143 | Kong and Teng A40-0.05 56 430 0.3 314 0.5 14
{1994)

144 | Kong and Teng B40-0.05 62 430 0.8 314 0.5 [4
(1994}

145 | Kong and Teng A50-0.05 67 430 1.0 314 0.7 1.8
(19943

146 | Kong and Teng B50-0.03 76 430 i.0 314 0.7 1.8
(1994)
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mith and 1A1-10 1.57 1.49
Vantsiotis (1982)
2 Smith and 1A3-11 148.3 1.36 1.40
Vantsiotis {(1982)
3 Smith and 1A4-12 141.2 1.27 1.40
Vantsiotis (1982)
4 Smith and 1A4-51 170.9 1.33 1.51
Vantsiotis (1982)
5 Smith and 1A6-37 184.1 1.32 1.61
Vantsiotis (1982)
6 Smith and 2A1-38 174.5 1.36 1.12
Vantsiotis {1982)
7 Smith and 2A3-39 170.6 1.30 1.14
Vantsiotis (1982)
8 Smith and 2A4-40 171.9 1.19 1.13
Vantsiotis (1982)
9 Smith and 2A6-61 161.9 1.08 1.09
Vantsiotis (1982) _
10 Smith and 3A1-42 161.0 1.15 0.63
Vantsiotis (1982)
11 Smith and 3A3-43 172.7 1.1t 0.68
Vantsiotis (1982)
12 Smith and 3A4-45 178.5 1.02 0.70
Vantsiotis (1982) '
13 Smith and 3A6-46 168.1 0.91 0.66
Vantsiotis (1982)
i4 Smith and 1B1-04 147.5 1.44 1.41
Vantsiotis (1982)
15 Smith and 1B3-26 143.6 1.39 1.44
Vantsiotis (1982)
16 Smith and 1B4-40 1403 1.24 1.38
Vantsiotis (1982)
17 Smith and IB6-31 1533 1.31 1.56
Vantsiotis {1982)
18 Smith and 2B1-05 129.0 125 1.08
Vantsiotis (1982)
19 Smith and 2B3-06 1312 1.19 1.10
Vantsiotis {1982)
20 Smith and 2B4-07 126.1 i.10 1.09
Vantsiotis (1982)
21 Smith and 2B4-32 149.9 1.17 1:19
| Vantsiotis (1982)
22 Smith and 2B6-32 145.2 1.12 1.20
Vantsiotis (1982)
23 Smith and 3B1-08 130.8 1.25 0.94

Vantsiotis (1982)
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24 Smith and 3BI1-36 158.9 1.26 0.96
Vantsiotis (1982)

25 Smith and 3B3-33 158.3 121 6.97
Vantsiotis (1982)

26 Smith and - 3B4-34 155.0 1.09 0.95
Vantsiotis (1982)

27 Smith and 3B6-35 161.7 1.04 0.97
Vantsiotis (1982)

28 Smith and 4B1-09 153.5 1.08 0.60
Vantsiotis (1982)

29 Smith and iCl-14 119.0 1.58 145
Vantsiotis (1982)

30 Smith and 1C3-02 123.4 1.40 1.42
Vantsiotis (1982) )

31 Smith and 1C4-15 131.0 1.33 1.48
Vantsiotis (1982)

32 Smith and 1C6-16 122.3 1.21 1.41
Vantsiotis (1982)

33 Smith and 2C1-17 124.1 1.42 1.23
Vantsiotis (1982)

34 Smith and 2C3-03 103.6 1.12 1.04
Vantsiotis (1982)

35 Smith and 2C3-27 1153 1.24 1.16
Vantsiotis (1982)

36 Smith and 2C4-18 124.5 121 1.22
Vantsiotis (1982)

37 Smith and 2C6-19 124.1 1.12 121
Vantsiotis {1982)

38 Smith and 3C1-20 140.8 1.28 1.03
Vantsiotis (1982)

39 Smith and 3C3-21 125.0 1.17 0.97
Vantsiotis (1982)

40 Smith and 3C4-22 127.7 1.08 0.97
Vanisiotis (1982)

41 Smith and 3C6-23 137.2 1.07 1.03
Vantsiotis (1982) '

42 Smith and 4Cl1-24 146.6 1.19 0.90
Vantsiotis (1982)

43 Smith and 4C3-04 124.5 1.06 0.88
Vantsiotis (1982)

44 Smith and 4C3-28 152.3 1.17 0.94
Vantsiotis (1982}

45 Smith and 4C4-25 152.6 1.12 0.95
Vantsiotis (1982)

46 Smith and 4C6-26 1595 1.05 0.96
Vantsiotis {1982)

447




47 Kong, Robins 1-30 2389 1.08 0.42
and Cole (1970)

48 | Kong, Robins 125 2242 1.07 0.48
and Cole (1970)

49 Kong, Robins 1-20 189.5 1.06 0.51
and Cole {(1970)

50 Kong, Robins 1-15 164.2 1.07 0.61
and Cole (1970)

51 Kong, Robins 1-10 89.4 0.73 0.33
and Cole (1970)

32 Kong, Robins 2-30 2491 1.33 0.86
and Cole (1970)

53 Kong, Robins 2-25 224.2 1.36 0.97
and Cole (1970)

54 Kong, Robins 2-20 2153 146 1.18
and Cole (1970)

35 Kong, Robins 2-15 139.7 1.06 1.02
and Cole (1970)

56 Kong, Robins 2-10 99.7 1.12 1.30
and Cole (1970)

57 Kong, Robins 5-30 239.3 1.22 0.90
and Cole {1970} :

58 Kong, Robins 5-25 208.2 1.32 0.96
and Cole (1970}

39 Kong, Robins 3-20 172.6 1.34 1.03
and Cole (1970)

60 Kong, Robins 5-15 127.2 1.20 1.08
and Cole (1970)

61 Kong, Robins 3-10 77.9 1.02 1.17
and Cole (1970)

62 Clark (1951) Al-] 222.6 1.28 0.96

63 Clark (1951) Al-2 209.2 122 0.91

64 Clark (1951) Al-3 222.6 1.30 0.98

65 Clark (1951) Al-4 244.8 140 1.05

66 Clark (1951) Bi-1 278.9 1.41 1.17

67 Clark (1951) B1.2 256.7 1.25 1.04

68 Clark (1951) Bi-3 2848 1.43 1.18

69 Clark (1951) Bi-4 268.2 1.36 1.12

70 Clark {i951) B1-5 241.5 1.19 0.99

71 Clark (1951) B2-1 3012 1.10 0.88

72 Clark (1951) B2-2 322.3 1.12 0.91

73 Clark (1951) B2-3 335.0 1.19 0.96

74 Clark (1951) B6-1 3795 1.40 1.25

75 Clark (1931) Ci-1 277.8 1.10 1.06

76 Clark (1951) C1-2 3112 1.21 1.18
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246.0

77 | Clark (1951) C1-3 1.02 0.97
78 Clark (1951) Ci-4 286.1 1.04 1.04
79 | Clark (1951) C2-1 290.1 1.00 0.84
80 Clark (1951) c2-2 3012 1.00 0.85
81 Clark (1951) 23 3238 1.10 0.93
82 Clark (1951) C2-4 2883 0.92 0.80
83 Clark (1951) €31 223.7 1.33 1.09
84 | Clark (1951) C3-2 200.4 1.20 0.98
85 Clark (1951) C33 1882 .13 0.92
86 Clark (1951) C4-1 309.4 1.26 1.21
87 | Clark (1951) C6-2 4240 1.15 1.25
83 Clark (1951) C6-3 435.1 .19 1.29
89 | Clark (1951) C6-4 4288 1.12 1.23
90 | Clark (1951) D1-6 174 8 1.10 1.03
91 Clark (1951) Di-7 179.2 112 1.05
92 Clark (1951) DI1-8 185.9 1.17 1.09
93 Clark (1951) El2 2218 1.14 1.00
94 | Clark (1951) D26 168.5 1.07 0.89
95 Clark (1951) D27 1574 1.01 0.84
96 | Clark (1951) D2-8 168.5 1.11 0.91
97 | Clark (1951) D4-1 168.5 127 1.03
98 | Clark (1951) D42 1573 121 0.98
99 | Clark (1951) D43 165.1 132 1.07
100 | Clark (1951) D5-1 146.2 1.30 1.03
101] Clark (1951) D52 157.3 137 1.09
102 | Clark (1951) D5-3 1573 1.40 111
103 | Shinetal. (1999) | MHBI.5- 156.7 1.10 1.07
2.5
104 | Shinetal. (1999) | MHBI1.5- | 208.0 1.22 1.05
50
105 | Shinetal (1999) | MHBI1.5- | 2397 121 0.96
75
{106 | Shinetal. (1999) | MHBI1.5- | 2574 1.14 0.85
100
107 | Shin et al. (1999) | MHB2.0- 110.7 1.16 0.96
25
108 | Shinetal (1999) | MHB2.0- 173.9 137 1.12
50
109 | Shinetal. (1999) [ MHB2.0- 185.4 1.18 0.95
75
110 | Shinetal. (1999) | MHB2.0- 193.2 1.03 0.82
100
{111 | Shinetal (1999) | MHB2.5- 986 1.59 1.05
25
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112 | Shinetal, (1999) | MHB2.5- 138.6 1.53 1.12
50
113 | Shinetal, (1999 | MHB2.5- 159.3 1.31 1.03
75
114 | Shinetal (1999) | MHB2.5- 164.2 1.08 0.89
100
115 | Shinetal (1999) | HBI1.5-25 2142 1.27 1.25
116 | Shinetal. {1999) | HBI1.3-50 2462 125 [.10
117 | Shinetal (1999) | HBL1.5-75 265.8 1.19 0.97
118 | Shinetal. (1999) | HBL.5-100 2803 1.12 0.87
119 | Shinetal (1999) | HB2.0-25 1427 1.30 1.07
120 | Shin et al. (1999) | HB2.0-50 195.9 1.39 1.12
12] | Shin et al. (1999) | HB2.0-75 230.0 1.34 1.07
122 | Shin et al. {1999) | HB2.0-100 242.1 1.20 0.95
123 | Shinetal. (1999} | HB2.5-25 I15.6 1.69 1.03
124 | Shinet al. (1999) | HB2.5-50 148.9 1.54 1.07
125 | Shin et al. (1999) | HB2.5-75 166.9 1.30 0.98
126 | Shinet al. (1999) | HB2.5-100 1838 1.16 0.91
127 | Rogowskyetal. { BM1/1.5T2 354.0 1.02 0.94
(1986)
128 | Rogowskyetal | BM2/1.5T2 348.0 1.09 0.92
(1986)
129 | Rogowskyetal. | BM1/2.0T2 199.0 0.92 0.67
(1986)
130 | Rogowskyetal. | BM2/2.0T2 204.0 0.99 0.69
{1986)
131 Subedi, Vardy 1A2 375.0 1.08 142
and Kubota
(1986)
132 Subedi, Vardy ZA2 307.5 1.14 1.38
and Kubota
{1986)
133 Subedi, Vardy 1B2 149.5 0.89 0.97
and Kubota
(1986)
134 | Subedi, Vardy 1C2 485.0 126 1.04
and Kubota
(1986) '
1 135 | Subedi, Vardy 1D2 2110 1.01 0.70
and Kubota
{1986)
136 Subedi, Vardy 2D2 199.0 1.00 0.68
and Kubota
(1986)
137 | Kongand Teng N-2a 438.0 1.18 1.08
(1994)
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1.03

138 | Kong and Teng N-3a 418.0 0.94
(1994)
139 | Kong and Teng N-2b 388.0 1.06 0.88
(1994)
140 | Kong and Teng N-3b 444.0 0.99 1.01
(1994)
141 | Kongand Teng A33-0.05 3200 1.32 1.09
(1994)
142 | Kong and Teng B33-0.03 346.0 1.45 1.00
(1994)
143 | Kong and Teng A40-0.05 267.0 1.37 127
{1994)
144 © Kong and Teng B490-0.05 2750 1.28 1.07
{1994)
145 | Kong and Teng A350-0.05 220.0 1.21 1.15
{1994)
146 | Kongand Teng | B50-0.05 230.0 111 0.98
(1994)
mean 120024 % 1.04+ 031 %
std-dev 0.16 0.22
eV, 12.98 % 20.81 %

(Kong et al. 1994; Matamoros and Wong 2003)
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A5. Axially lcaded members

1 Diaz Dre Cossio & Siess, A-1 152 305 254 102 508 2.0
2 Diaz De Clt?sﬁs?o & Siess, A2 152 305 254 102 762 3.0
3 Diaz De Clc>9s6s?o & Siess, A3 152 | 305 | 234 102 | 1016 | 4.0
4 Diaz De Cfsi(i)o & Siess, A-4 152 | 305 | 254 102 | 1270 | 5.0
3 Diaz De Clogsi?o & Siess, B-1 152 | 305 | 254 | 102 | 508 | 2.0
6 Diaz De Cljsi(i)o & Siess, B-2 152 | 305 | 254 102 | 762 | 3.0
7 Diaz De Clogs(z(i)o & Siess, B-3 152 | 305 | 254 102 | 1016 ; 4.0
8 Diaz De Cioii?o & Siess, B-4 152 1 305 | 254 102 | 1270 | 5.0
9 Diaz De Clogsﬁs(i}o & Siess, A-11 152 | 305 | 254 102 | 508 : 2.0
10 Diaz De Clogsi(i)o & Siess, A-12 152 ) 305 | 254 . 102 | 762 | 3.0
11 Diaz De (iljsi?o & Siess, A-13 152 | 305 | 254 1 102 | 1016 | 4.0
12 Diaz De Clogsi(i)o & Siess, A-14 152 | 305 | 254 102 1270 | 5.0
13 Diaz De Clogsi?o & Siess, A-13 152 [ 305 | 254 102 | 1524 | 6.0
14 Diaz De éc?si?o & Siess, B-11 152 | 305 | 254 102 | 508 | 2.0
15 Diaz De éogsés(i)o & Siess, B-12 152 | 305 | 254 102 | 762 | 3.0
16 Diaz De (:109;;?0 & Siess, B-13 152 | 305 | 254 102 | 1016 | 4.0
17 Diaz De (3109565?0 & Siess, B-14 152 305 254 102 | 1270 | 5.0
18 Diaz De Clogsi[i)o & Siess, B-15 152 § 305 | 254 | 102 | 1524 | 6.0
19 BaldwliiG.S?, Viest 0B28 305 | 406 | 368 76 711 1.9
20 Baldwin & Viest OF28 305 | 406 | 368 76 711 19
21 Baldwin & Viest 2F28 305 | 406 | 368 76 711 1.9
22 Baldwin & Viest 3F28 305 1 406 | 368 76 711 1.9
23 Baldwin & Viest 4F28 305 1 406 | 368 76 711 1.9
24 Baldwin & Viest 6F28 305 | 406 | 363 76 711 1.9
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75 Baldwin & Viest OF28 | 305 | 406 | 368 | 76 | 711 | 19
2% Baidwin & Viest 12628 | 305 | 406 | 368 | 76 | 711l | 10
7 Baldwin & Viest T8F28 | 305 | 406 | 368 | 76 | 711 | 1.9 |
28 Baldwin & Viest DF21 | 305 | 406 | 368 | 76 | 533 | 14
35 Baldwin & Viest 12F38 | 305 | 406 | 368 | 76 | 965 | 26
30| Momow & Viest, 1057 F2102 T 305 | 419 | 368 | 102 | 549 | 15
31 | Morrow & Viest, 1957 B2R | 305 | 419 | 368 | 102 | 540 | 13
35 | Morrow & Viest, 1957 B4 305 [ 419 | 368 | 109 | 349 | 15
33 | Momow & Viest, 1957 BIR ] 305 7215 | 368 | 102 | 549 | 15
3T Morrow & Viest, 1957 cq 305 | 413 | 368 | 89 | 549 | 1.5
35 | Morrow & Viest, 1957 CarR 1305 a3 | 375 | 76 1549 | 15
36 | Morrow & Viest, 1957 Y 305 | 413 | 368 | 89 | 549 | 15
37 | Morrow & Viest, 1957 4 311 | 419 | 381 | 76 | 549 | 14
38 | Morrow & Viest, 1957 Fa 305 | 419 ] 368 | 102 | 549 |13
39 | Morrow & Viest, 1957 A6 305 | 419 368 | 102 | 549 | 13
30 | Morrow & Viest, 1957 B6 305 1 419 | 368 | 102 | 3549 | 15
41 | Morrow & Viest, 1957 F38B2 | 305 | 419 | 362 | 114 | 980 | 27
42 1 Momow & Viest, 1957 B2 305 T 419 | 368 | 102 [ 980 | 2.7
23| Morrow & Viest, 1957 B4 305 | 416 | 375 | 83 | 980 | 2.6
44 | Morrow & Viest, 1057 D4 308 1216 381 | 70 | 980 | 2.6
45 | Morrow & Viest, 1957 E4 305 | 419 0 378 | 83 1980 | 2.6
46 | Morrow & Viest, 1057 % 305 219 1356 | 127 | 980 | 2.3
47T Morrow & Viest, 1957 B6 305 | 419 | 381 | 76 | 980 | 26
48 | Morrow & Viest, 1957 F5im2 305 7419 |68 |10z [ 1412 | 38
49T Morrow & Viest, 1957 “Ad 308 1 410 | 372 | 76 | 1412 ] 38
50| Morrow & Viest, 1957 B2 305 | 419 | 381 | 76 | 1412 | 3.7
ST | Morrow & Viest, 1957 D4 308 [ 410 381 |57 1413 | 37
53 | Morrow & Viest, 1957 7 508 1 229 T 387 | 83 | 1412 | 56 |
57| Morrow & Viest, 1957 A6 305 | 419 1 340 | 140 | 1412 | 4.0
54 | Morrow & Viest 1957 B6 305 1419 | 368 | 102 [ 1412 | 3.8
55T Morrow & Viest, 1957 F70B2 | 305 | 419 | 362 | 114 | 1778 | 49
56 | Morrow & Viest, 1957 Ad 305 1 410 | 363 | 96 11778 | 4.9
57 T Morrow & Viest, 1957 B6 305 | 410 | 368 | 103 | 1778 | 48
58 ] Morrow & Viest, 1957 FE4B4 | 305 | 416 | 375 | 83 | 2134 | 57 |

453



1 Diaz De Cossio & Al 28.1 1.0 | 0.0017 | 439 56.8 | 197.2 ] 0.84
Siess, 1960
2 Diaz De Cossio & A2 315 1.0 { 0.0015 7 469 532 | 200.8 | 0.77
Siess, 1960
3 Diaz De Cossio & A-3 194 1 1.0 { 0.0012{ 452 806 | 1734 | 0.56
Siess, 1960
4 Diaz De Cossio & A-4 268 1.0 | 0.0013 | 459 593 | 194.7 | 0.63
Siess, 1960
3 Diaz De Cossio & B-1 26.1 1.0 1 0.0019 1 459 | 920 | 162.0| 0.79
Siess, 1960 : |
6 Diaz De Cossio & B-2 28.5 1.0 { 0.0013 | 439 847 | 1693 | 0.58
Stess, 1960
7 Diaz De Cossio & B-3 26.3 1.0 { 0.0011 | 394 8§26 | 1714 ¢ 048
Siess, 1960
8 Diaz De Cossio & B-4 283 1.0 | 0.0009 | 439 853 | 168.7 | 0.4}
Siess, 1960
9 Diaz De Cossio & A-11 28.3 | 3.3 | 0.0008 | 341 1419 112,11 0.24
Siess, 1960
10 | Diaz De Cossio & A-12 267 | 3.3 | 0.0007 | 314 (137411166 0.23
Siess, 1960
I1 Diaz De Cossio & A-13 22.1 1 3.3 |0.0005] 393 166.5 ] 87.5 | 0.15
Siess, 1960
12 Diaz De Cossio & A-14 275 133 1000061 364 | 1547 99.3 | 0.18
Siess, 1960
13 Diaz De Cossio & A-15 25.0 | 3.3 {1 0.0005 [ 332 1549 99.1 { 0.16
Siess, 1960
14 Diaz De Cossio & B-11 25.2 3.3 | 06.0009 332 169.8 | 84.2 0.22
Siess, 1960
15 Diaz De Cossio & B-12 27.1 33 00006} 392 | 1663 87.7 | 0.17
Siess, 1960
16 | Diaz De Cossio & B-13 279 | 33 100005 334 | 165.0| 89.0 | 0.15
Siess, 1960
17 Diaz De Cossio & B-14 29.3 3.3 | 0.0004 363 163.2 | 90.8 0.13
Siess, 1960
18 Diaz De Cossio & B-13 283 | 33 {00003 ] 326 | 1642 89.8 | 0.11
Siess, 1960
5 Baldwin & Viest 0B28 37.6 1.9 | 0.0000 519 367.1 12 0.04
20 Baldwin & Viest 0128 333 1.9 1 0.0060 7 313 3672 1.1 0.04
21 | Baldwin & Viest 2F28 274 | 1.9 | 0.0000 | 532 |3673| 1.0 | 0.04
22 Baldwin & Viest 3F28 258 | 1.9 | 6.0000 | 543 3674 09 0.04
23 | Baldwin & Viest 4F28 275 | 1.9 | 0.0000 | 523 13674 09 | 0.04
24 Baldwin & Viest 6F28 21.2 1.9 1 0.0000 | 519 | 3676 ) 07 0.04 |
25 Baldwin & Viest 9F28 236 | 1.9 | 0.0000 ) 323 | 3676 0.7 0.04
26 Baldwin & Viest 12528 239 | 1.9 1 0.0000 ) 3519 | 3677 06 0.04
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0.6

27 Baldwin & Viest 18F238 26.0 1 1.9 | 00000 ] 532 | 367.7 0.04
28 | Baldwin & Viest 12¥21 30,8 | 1.9 | 0.0000 | 313 | 3676 07 0.0&_‘
29 Baldwin & Viest 12F38 289 1 1.9 1 00000 313 36741 09 0.04
30 Morrow & Viest, F21B2 10.1 19 | 0.0000 | 376 | 3680 03 0.04
31 Morroxlwgg\fiest, B2R 14.1 1.9 1 0.0000 | 376 [3679 04 | 0.04
32 Morroih?f;\fiest, B4 297 | 1.9 1 0.0000 ] 378 |3674 09 0.04
33 Morroivggz\/iest, B4R 292 | 1.9 | 0.0000 | 378 |36741 0.9 0.04
34 Monoi\?fg\/iest, C4 266 | 1.6 {0.0000 1 434 |3673 1.0 0.04
35 Morroi\?ZViest, C4R 309 | 1.6 { 0.0000 0 447 [ 3735 12 .04
36 Manofz\ﬁest, D4 31.5 1 1.2 10,0000} 452 | 3668 ]| 1.5 (.04
37 Monoiff?j\/'iest, E4 30,7 | 0.8 | 0.0000 | 432 3786 24 | 0.04
38 Morroi\?ff;]\/iest, 4 30.0 | 0.8 | 0.0000 427 | 3659 24 0.04
39 Morroiff?z Viest, Ab 484 | 24 1000001 376 36721 I.] 0.04
40 Morroffﬁj\fiest, B6 450 j 1.9 | 0.0000 | 378 3670 13 0.04
41 Morroifz\fiest, F38B2 124 1 19 [ 000001 374 13616 04 | 0.04
42 Morroik?g\fiest, E2 14.1 | 0.5 ] 0.0000 | 388 | 3665 1.8 0.04
43 Morroix?z\/iest, B4 314 | L3 {00000 385 (3736 1.1 0.04
44 Morrofa?fﬁz\/iest, D4 269 13 [ 0.0000| 368 3797 1.3 0.04
45 M(}rroivgz:'\/iest, E4 321 1 09 1000007 368 13757 212 0.04
46 MOI’I‘OLVQZZVESL Ab 456 | 2.9 | 0.0000 ] 364 | 3548 | 038 0.04
47 Morroigg\/iest, B6 416 | 1.8 | 0.0000 ) 379 ;3796 14 0.04
48 MOI’!‘C}i\?ZVieSt, 13582 11.9 | 1.9 [ 0.0000 | 374 | 3679, 04 0.04
49 Morroia?f?z Viest, Ad 264 1 2.0 1 0.0000 | 405 | 370.7| 09 0.04
50 MOI‘I‘OnggViCSt, B4 295 | 1.8 | 0.0000 | 384 {3799 ] 1.1 0.04
1957 ]
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51 | Morrow & Viest, | D4 256 | 1.5 | 0.0000 | 432 |379.8] 12 | 0.04
32 Morroffx? ZZViest, E4 283 1 00 | 0.0000 | 423 | 3853 | 2.0 | 0.04
53 Morroi»vgg\fiest, A6 421 | 33 | 0.0000 | 379 | 3486 0.7 | 0.04
54 Morrots?:j;\/iest, B6 437 |15 ]0.0000 | 376 | 367.0] 13 | 0.04
55 Mcrroivg erViest, T70B2 | 144 | 10 | 0.0000 | 383 | 3615 05 | 0.04
56 Morrof(sS’ZViest, Ad 260 | 22 | 0.0000 | 376 |361.1| 08 | 0.04
57 Morrolvg ZZViest, B6 387 | 3.3 | 0.0000 | 354 | 36761 0. | 0.04
58 Merrofg\/iest, F84B4 | 206 | 1.8 | 0.0000 | 381 |373.6 | 1.0 | 0.04
1957
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Diaz De Cossio & Siess, A-1 0 0.0%

1960

2 Diaz De Cossio & Siess, A-2 0 0.0% 42 1.88
1960

3 Diaz De Cossio & Siess, A-3 0 0.0% 34 1.47
1960

4 Diaz De Cossio & Siess, A-4 0 0.0% 35 1.48
1960

5 Diaz De Cossio & Siess, B-1 89 7.3% 66 1.07
1960

6 Diaz De Cossio & Siess, B-2 89 6.7% 52 1.57
1960

7 Diaz De Cossio & Siess, B-3 89 7.3% 46 1.59
1960

8 Diaz De Cossio & Siess, B-4 89 6.8% 42 1.23
1960

9 Diaz De Cossio & Siess, A-11 0 0.0% 63 0.84
1960

10 Diaz De Cossio & Siess, A-12 0 0.0% 59 145
1960

11 Diaz De Cossio & Siess, A-13 0 0.0% 47 1.30
1960

12 Diaz De Cossio & Siess, A-14 0] 0.0% 55 1.28
1960

13 Diaz De Cossio & Siess, A-15 0 0.0% 49 L10
1960

14 Diaz De Cossio & Siess, B-11 89 7.6% 84 1.24
1960

13 Diaz De Cossio & Siess, B-12 39 7.1% 66 1.57
1960

16 Diaz De Cossio & Siess, B-13 89 6.9% 59 1.46
1960

17 Diaz De Cossio & Siess, B-14 89 6.5% 53 1.18
1960

18 Diaz De Cossio & Siess, B-15 89 6.8% 47 0.97
1960

19 Baldwin & Viest 0B238 0 0.0% 338 221

20 Baldwin & Viest 0F28 0 0.0% 178 1.28

21 Baldwin & Viest 2F28 30 1.5% 150 1.26

22 Baldwin & Viest 3F28 95 3.0% 191 1.69

23 Baldwin & Viest 4F28 148 4.3% 222 1.86

24 Baldwin & Viest 628 186 | 7.1% 186 1.93

25 Baldwin & Viest 9F28 241 8.2% 160 1.52

26 Baldwin & Viest 12F28 291 9.9% i46 1.37

27 Baldwin & Viest 18F28 825 | 25.6% 275 2.42
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28 Baldwin & Viest 12F21 760 19.9% 380 2.04
29 Baldwin & Viest 12F38 398 11.1% 199 2.11
30 Morrow & Viest, 1937 F21B2 132 10.29% 132 1.49
31 Morrow & Viest, 1957 B2R 173 9.6% 173 1.44
32 Morrow & Viest, 1957 B4 248 6.3% 248 1.06
33 Morrow & Viest, 1957 B4R 236 6.3% 236 1.02
34 Morrow & Viest, 1957 C4 220 6.6% 220 1.18
35 Morrow & Viest, 1937 C4R 252 6.5% 251 1.36
36 Morrow & Viest, 1957 D4 220 5.6% 220 1.02
37 Morrow & Viest, 1957 E4 220 5.5% 220 1.15
38 Morrow & Viest, 1957 F4 219 57% 218 (.93
39 Morrow & Viest, 1957 A6 283 4.6% 283 0.83
40 Morrow & Viest, 1957 B6 233 4.9% 283 0.87
41 Morrow & Viest, 1957 F38R2 113 7.1% 113 1.69
42 Morrow & Viest, 1957 E2 74 4.1% 74 1.07
43 Morrow & Viest, 1957 B4 173 4.3% 173 1.64
44 Morrow & Viest, 1957 D4 169 4.9% 171 1.94
45 Morrow & Viest, 1957 E4 148 3.6% 148 1.38
46 Morrow & Viest, 1957 A6 220 3.8% 220 1.30
47 Morrow & Viest, 1957 B6 173 3.3% 173 1.42
48 Morrow & Viest, 1957 F55B2 94 6.2% 94 1.25
49 Morrow & Viest, 1957 A4 151 4.5% 151 1.47
50 Morrow & Viest, 1957 B4 126 3.3% 126 1.18
51 Mormrow & Viest, 1957 D4 126 3.9% 126 1.30
52 Morrow & Viest, 1957 E4 110 2.9% 110 1.02
33 Morrow & Viest, 1957 Ab 189 3.5% 189 1.36
54 Morrow & Viest, 1957 Bé 142 2.5% 141 1.05
35 Morrow & Viest, 1957 F70B2 91 5.0% 91 0.92
56 Morrow & Viest, 1957 Ad 142 3.9% 142 1.11
57 Morrow & Viest, 1957 B6 173 3.5% 173 1.21
@ Morrow & Viest, 1957 F84B4 1 131 3.5% 131 0.91
mean 137036 %
std-dev 0.36
c.v. 26.09 %

(Baldwin and Viest 1958; Diaz De Cossio and Siess 1960; Morrow and Viest 1957)
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A6. Cyclic flexural failure

1 Park and 1990 No. 9 400 600 564 72 1784 1.24 3.0
Paulay
2 Ohno and 1984 L2 400 400 359 82 1600 1.41 4.0
Nishioka
3 Ohno and 1984 L3 400 400 359 82 1600 1.41 4.0
Nishioka
4 Atalayand |} 1975 | No. 481 305 305 262 86 1676 1.60 5.5
Penzien '
5 Atalayand | 1975 | No. ISi 305 305 262 g6 1676 1.60 5.5
Penzien
6 Atalay and | 1975 | No. 381 305 305 262 86 1676 1.60 5.5
Penzien
7 Atalayand | 1975 | No.2S1 305 305 262 86 1676 1.60 5.5
Penzien
3 Saatcioglu | 1989 U6 350 | 350 | 312 77 1000 1.38 2.9
and Ozcebe
9 Saatcioglu | 1989 u7 350 350 312 77 1000 1.38 29
and Ozcebe
10 | Wehbeetal { 1998 Al 380 610 572 75 2335 129 3.8
11 | Wehbeetal. | 1998 Bi 380 610 573 69 2335 1.25 38
12 Mo and 2000 Cl-1 400 400 356 87 1400 145 3.5
Wang ]
13 Mo and 2000 C2-1 400 400 356 87 1400 1.45 3.5
Wang
14 Mo and 2000 C3-1 400 400 356 87 1400 1.45 3.5
Wang
15 Mo and 2000 3.2 400 400 356 87 1400 1.43 35
Wang
16 Saatciogiu 1989 U4 350 350 315 70 1000 1.32 2.9
and Ozcebe
17 Saatcioglu 1989 U3 350 350 315 70 1000 1.32 2.9
and Ozcebe
18 | Kandaetal. | 1987 | 858TC-1 250 230 209 83 750 1.93 3.0
19 | Kandaetal. | 1987 | 858TC-2 | 250 250 209 33 750 1.93 3.0
20 | Kandaetal | 1987 | 858TC-3 | 250 250 209 83 750 1.93 3.0
21 Matamoros | 1999 { C5-00N 203 203 171 64 610 1.53 3.0
et al,
22 Matamoros { 1999 { C5-008 203 203 167 72 610 1.57 3.0
et al,
23 | Soesianawati { 1986 No. 1 400 400 379 42 1600 1.14 4.0
et al.
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24 | Matamoros | 1999 | C5-20N | 203 | 203 | 157 | 92 | 610 | 237 |30
et al.
25 Matamoros ; 1999 | C10-05N | 203 203 155 96 610 2.43 3.0
et al.
26 Matamoros | 1999 | C10-058 203 203 155 93 610 2.47 3.0
et al.
27 Matamores | 1999 | (C3-208 203 203 156 94 610 245 3.0
et al.
28 Matamoros | 1999 | Ci0-10N | 203 203 169 68 610 1.62 3.0
et al.
29 Matamores | 1999 | C10-108 203 203 171 63 610 1.58 3.0
et al. : '
30 Thomsen 1994 B2 152.4 1 1524 137 32 397 1.37 39
and Wallace
3 Thomsen 1994 Bl 152.4 | 1324 | 137 32 597 1.37 39
and Wallace .
32 Thomsen 1994 Al 152.4 | 152.4 | 137 32 597 137 -1 3.9
and Wallace .
33 Thomsen 1994 Cl 152.4 | 1524 | 137 32 597 1.37 3.9
and Wallace
34 Thomsen 1994 C2 152411524 | 137 32 597 1.37 3.9
and Wallace
35 | Soesianawati | 1986 No. 4 400 400 379 42 1600 1.14 4.0
et al,
36 Tanaka and | 1990 No. 1 400 400 350 100 | 1600 1.56 4.0
Park
37 Tanaka and | 1990 No. 2 400 400 350 100 | 1600 1.56 4.0
Park
38 Tanaka and | 1990 No. 3 400 400 350 100 | 1600 1.56 4.0
Park
39 Tanaka and | 1990 No. 4 400 400 350 100 | 16060 1.56 4.0
Park
40 Atalay and 1975 No. 11 305 305 262 86 1676 1.60 55
Penzien
- 41 Atalay and 1975 No. 12 305 305 262 26 1676 1.60 5.5
Penzien
42 Atalay and 1975 i No. 581 305 305 262 86 1676 1.60 5.5
Penzien
43 Atalay and 1975 | No. 651 305 305 262 26 1676 1.60 5.5
Penzien
44 Atalay and 1975 No. 10 305 305 262 86 1676 1.60 5.5
Penzien
45 Atalay and 1975 No. 9 305 305 262 86 1676 1.60 55
Penzien
46 | Wehbeetal. | 1998 AZ 380 610 572 75 2335 1.29 3.8
47 | Wehbeetal, | 1998 B2 380 610 575 69 2335 1.25 3.8
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Azizinamini
et al.
49 Mo and 2000 C1-3 400 400 356 87 1400 1.45 3.5
Wang
50 Mo and 2000 C1-2 400 400 356 87 1400 1.45 3.5
Wang
31 Mo and 2000 C2-3 400 400 356 87 1400 1.45 3.5
Wang :
52 Mo and 2000 C3.3 400 400 356 87 1400 1.45 3.3
Wang
53 Mo and 2000 C2-2 400 400 356 87 1400 1.43 3.5
Wang
54 Zahn et al. 1986 No. 9 400 400 |. 379 42 1600 1.14 4.0
55 Saatcioglu 1999 BG-3 350 350 311 78 1645 1.44 4.7
and Grira .
56 Saatcioglu 1999 BG-8 350 1 350 311 78 1645 1.44 4.7
and Grira
37 Muguruma | 1989 BL-1 200 200 185 31 500 1.21 2.5
et al.
58 | Soestanawati | 1986 No. 2 400 400 379 42 1600 1.14 4.0
et al.
59 | Soesianawati | 1986 No. 3 400 400 379 42 1609 1.14 4.0
et al.
60 Galeota et 1996 AA4 230 250 215 70 1140 1.73 4.6
al.
61 Gialeota et 1996 BAI 250 250 215 70 1140 1.73 4.6
al.
62 Galeota et 1996 BA4 250 250 215 70 1140 1.73 4.6
al.
63 Galeota et 1996 CAl 250 250 215 70 1140 1.73 4.6
al,
64 Galeota et 1996 CA3 250 250 215 70 1140 1.73 4.6
al. :
63 Galeota et 1996 BBI 250 250 210 80 1140 1.73 4.6
al.
66 Galeota et 1996 BR2 250G 250 210 30 1140 1.73 4.6
al. :
67 Galeota et 1996 CB1 250 230 210 80 1140 1.73 4.6
al.
68 Galeota et 1996 CB2 250 250 210 80 1140 1.73 4.6
al.
69 Galeota et 1996 BAZ 250 250 213 70 1140 1.73 4.6
al.
70 Galeota et 1996 BA3 250 250 215 70 1140 1.73 4.6
al.
71 Galeota et 1994 CA2 250 250 215 70 1140 1.73 4.6
al.
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72 Galeota et 1996 CA4 250 250 215 70 1140 1.73 4.6
al.
73 Galeota et 1996 BB4 250 250 210 80 1140 1.73 4.6
al.
74 Galeota et 1996 BB4B 250 250 210 80 1140 1.73 4.6
al.
75 Galeota et 1996 CB3 250 250 210 80 11406 1.73 4.6
al.
76 Galeota et 1996 CB4 250 250 210 80 1140 1.73 4.6
al.
77 Matamoros | 1999 | C10-20N | 203 203 173 60 610 1.50 3.0
et al.
78 Matamoros 1999 | C10-208 203 203 180 |- 45 610 1.54 3.0
et al.
79 Muguruma | 1989 BH-1 200 200 185 31 500 1.21 2.5
et al.
80 Thomsen 1994 A3 15241 1524 | 137 32 597 1.37 3.9
and Wallace
81 Thomsen 1994 B3 1524 | 1524 | 137 32 597 1.37 39
and Wallace ’
82 Thomsen 1994 D3 1524 | 1524 | 137 32 597 1.37 3.9
and Wallace
83 Thomsen 1994 D1 1524 11524 | 137 32 597 1.37 3.9
and Wallace
84 Thomsen 1994 C3 1524 | 1524 137 32 397 1.37 39
and Wallace
gs Thomsen 1994 D2 152411524 | 137 32 597 1.37 3.9
and Wallace
86 Watsonand | 1989 No. 9 400 400 379 42 1600 1.14 4.0
Park
87 Ang et al. 1981 No. 3 400 400 368 | 65 1660 1.30 4.0
88 Nosho etal. | 1996 No. 1 2794 | 2794 | 246 67 | 2134 1.49 7.6
g9 Watson and | 1989 No. 5 400 400 379 42 1600 1.14 4.0
Park
90 Watson and | 1989 No. 6 400 400 379 42 1600 1.14 4.0
Park
91 Zahn et al, 1986 No. 10 400 400 379 42 1600 1.14 4.0
92 Matamoros | 1999 | C5-40N 203 203 174 57 610 1.52 3.0
et al.
93 Matamoros | 1999 C5-408 203 203 174 57 610 1.58 3.0
et al.
04 Saatcioglu 1999 BG-1 350 350 311 78 16435 1.44 4.7
and Grira ] ]
95 | Saatcioglu 1999 BG-2 350 350 311 78 1645 1.44 4.7
and Grira
96 Saatcioglu 1999 BG-6 350 350 306 88 1645 1.44 47
and Grira )
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350

97 Saatcioglu | 1999 BG-4 350 311 78 1645 4.7
and Grira
98 Saatcioglu 1999 BG-3 350 350 311 78 1645 1.44 4.7
and Grira
g9 Saatcioglu 1999 BG-10 350 350 313 74 1645 1.44 47
and Grira
100 Saatcioglu 1999 BG-7 350 330 311 78 1645 1.44 4,7
and Grira
101 Saatcioglu 1996 BG-9 350 350 313 T4 1645 1.44 4.7
and Grira
102 | Azizinamini | 1988 NC-4 457 457 403 108 | 1372 1.49 3.0
et al.
103 | Muguruma | 1989 AL-1 200 200 185 31 500 1.21 2.5
et al.
104 | Muguruma | 1989 AL-2 200 200 185 31 500 1.21 2.5
et al.
105 | Muguruma | 1989 BL-2 200 200 185 31 500 1.21 2.3
et al. )
106 | Bayrakand | 1996 | AS-4HT 305 305 284 43 1842 .17 4.8
Sheikh
167 | Bayrakand ! 1996 | ES-1HT 305 303 284 43 1842 1.17 4.8
Sheikh
108 | Bayrakand | 1996 { AS-5HT 305 305 284 43 1842 1.17 4.8
Sheikh
109 | Bayrak and | 1996 | AS-6HT 305 305 284 43 1842 1.17 4.8
Sheikh
110 | Bayrakand | 1996 | ES-8HT 305 303 284 43 1842 1.17 4.8
Sheikh :
111 | Bayrakand | 1996 | AS-2HT 303 305 281 48 1842 1.21 4.8
Sheikh
112 i Bayrakand | 1996 | AS-3HT 305 305 281 48 1842 1.21 4.8
Sheikh
113 | Bayrakand | 1996 | AS-THT 305 305 281 48 1842 .21 4.8
Sheikh
114 | Muguruma | 1989 AH-1 200 200 185 31 500 1.21 2.5
et al.
115 | Muguruma | 1989 AH-2 200 200 185 31 300 1.21 2.5
et. al
116 | Muguryma | 1989 BH-2 200 200 185 31 500 1.21 2.3
et al.
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Park and -

Paulay
2 Ohno and 1984 1.2 25 0.014 362 0.0032 325
Nishioka
3 Ohno and 1984 L3 25 0.014 362 0.0032 325
Nishioka
4 Atalay and 1975 No. 451 28 0.016 429 0.0037 363
Penzien
5 Atalay and 1975 No. 151 29 0.016 367 0.0061 363
Penzien )
6 Atalay and 1975 No. 351 25 0.016 367 0.0061 363
Penzien
7 Atalay and 1975 | No. 281 _ 31 0.016 367 0.0037 363
Penzien
8 Saatcioglu 1989 Ue 37 0.032 437 0.0042 425
and Ozcebe
9 Saatcioglu 1989 u7 39 0.032 437 0.0042 425
and Ozcebe
10 | Wehbeetal. | 1998 Al 27 0.022 448 0.0027 428
11 | Wehbeetal. | 1998 B1 28 0.022 448 0.0036 428
12 Mo and 2000 Cl-1 25 0.021 497 0.0063 459.5
: Wang
13 Mo and 2000 C2-1 25 0.021 457 0.0061 4395
Wang
14 Mo and 2000 C3-1 26 0.021 497 0.0059 459.5
Warig
i3 Mo and 2000 C3-2 27 0.021 497 (.0059 4595
Wang
16 Saatcioglu 1989 U4 32 0.032 438 0.0090 470
and Ozcebe
17 Saatcioglu 1989 U3 35 0.032 430 0.0060 470
and QOzcebe
18 | Kandaetal 1987 { 83S8TC-i 28 0.016 374 0.0038 506
19 | Kanda et al. 1987 | 838TC-2 28 0.016 374 0.0038 506
20 | Kanda et al. 1987 | B58TC-3 28 0.016 374 0.0038 506
21 Matamoros 1999 C5-00N 38 0.019 572 0.0092 513.7
et al.
22 Matamoros 1999 C5-00S8 38 0.019 573 0.0090 514.7
et al.
23 | Soesianawati | 1986 No. 1 47 0.015 446 0.0045 364
et al. '
24 Matamoros 1999 C3-20N 48 0.019 586 0.0092 406.8
et al.
25 Matamoros 1999 | C10-05N 70 0.019 586 0.0092 406.8
et al.
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Matamoros C10-055
et al.
27 Matamoros 1999 C5-208 48 0.619 587 0.0090 407.8
et al.
28 Matamoros 1999 | CI0-10N 68 0.019 572 0.0092 513.7
et al.
29 Matamoros 1999 Cl10-108 68 0.019 573 0.0090 514.7
etal.
30 Thomsen 1994 B2 83 0.025 455 0.0082 793
and Wallace
31 Thomsen 1994 Bl 88 0.025 455 0.0082 793
and Wallace
32 Thomsen 1994 Al 103 0.025 517 0.0061 793
and Wallace
33 Thomsen 1994 Ci 68 0.025 476 0.0082 1262
and Wallace
34 Thomsen 1994 C2 75 0.025 476 0.0082 1262
and Wallace
35 | Soesianawati | 1986 No. 4 40 0.015 446 0.0030 253
et al.
36 Tanaka and 1990 No. 1 26 0.016 474 0.0106 333
Park
37 Tanaka and 1990 No. 2 20 0.016 474 0.0106 333
Park
38 Tanaka and 199¢ No. 3 26 0.016 474 0.0106 333
Park
39 Tanaka and 1950 No. 4 26 0.016 474 0.0106 333
Park
40 Atalay and 1975 No. 11 31 0.016 363 0.0061 373
Penzien
41 Atalay and 1975 No. 12 32 0.016 363 0.0037 373
Penzien
42 Atalay and 1975 No. 581 29 0.016 429 0.0061 392
Penzien
43 Atalay and 1975 No. 681 32 0.016 429 0.0037 392
Penzien
44 Atalay and 1975 No. 10 32 0.016 363 0.0037 392
Penzien
45 Atalay and 1975 No. 9 33 0.016 363 0.0061 392
Penzien
46 | Wehbeetal. | 1998 A2 27 0.022 448 (.0027 428
47 | Wehbeetal. | 1998 B2 28 0.022 448 0.0036 428
48 | Azizinamini { 1988 NC-2 39 0.019 439 0.0131 454
et al.
49 Moand | 2000 Cl.3 26 0.021 497 0.0063 459.5
Wang
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50 Mo and 2000 Cl-2 27 0.021 497 0.0063 4595
Wang

51 Mo and 2000 C2-3 27 0.021 497 0.0061 459.5
Wang

52 Mo and 2000 C3-3 27 0.021 497 0.0039 459.5
Wang

53 Mo and 2000 C2-2 27 0.021 497 0.0061 4595
Wang

54 Zahn et al. 1986 No. 9 28 0.015 449 0.0067 466

35 Saatcioglu 1999 BG-3 34 0.020 456 0.0080 5706

and Grira
56 Saatcioglu 1999 BG-8 34 0.029 456 0.0051 580
and Grira

57 Muguruma 1989 BL-1 116 0.038 400 0.0162 3284
et al.

58 | Soesianawati | 1986 No. 2 44 0.015 446 0.0064 360
et al.

59 | Soesianawati | 1986 No. 3 44 0.015 446 0.0042 364
et al.

60 | Galeotaetal | 1996 AA4 80 0.015 430 0.0054 430

61 | Galeotaetal. | 1996 BAl 80 0.015 430 0.0080 430

62 | Galeotaetal | 1996 BA4 80 0.015 430 0.0080 430

63 | Galeotaetal. | 1996 CAl 8¢ 0.015 430 0.0161 430

64 | Galeotaetal | 1996 CA3 80 0.015 430 0.0161 430

65 | Galeotaetal | 1996 BB1 80 0.060 430 0.0080 430

66 | Galeotaetal | 1996 BB2 80 0.060 430 0.0080 430

67 | Galeotaetal. | 1996 CBl 80 0.060 430 0.0161 430

68 | Galeota et al. 1996 CB2 80 0.060 430 0.0161 430

69 | Galeota et al. 1996 BAZ 80 0.015 430 0.0080 430

70 | Galeotactal | 1996 BA3 80 0.015 430 0.0080 430

71 | Galeotaetal. | 1996 CA2 " 80 0.015 430 0.0161 430

72 | Galeotaetal. | 1996 CA4 %0 0.015 430 0.0161 430

73 1 Galeotaetal, | 1996 BB4 80 0.060 430 0.0080 430

74 1 Galeotaetal | 1996 BB4B 80 0.060 430 0.0080 430

75 | Galeotaetal. | 1996 CB3 80 0.060 430 0.0161 430

76 | Galeotaetal. { 1996 CB4 80 0.060 430 0.0161 430

77 Matamoros 1999 | CiG-20N 66 0.019 572 0.0092 513.7
et al.

78 Matamoros 1999 C10-208 66 0.019 573 0.0090 514.7
et al.

79 Muguruma 1989 BH-1 116 0.038 4440 0.0162 792.3
et al.

80 Thomsen 1994 A3 86 0.025 517 0.0061 793

and Wallace

466




Thomsen
and Wallace
82 Thomsen 1994 D3 71 0.023 476 0.0047 1262
and Wallace
83 Thomsen 1994 D1 76 0.025 476 0.0065 1262
and Wallace
84 Thomsen 1994 C3 82 0.025 476 0.0082 1262
and Wallace
85 Thomsen 1994 D2 87 0.025 476 0.0035 1262
and Wallace
86 | Watson and 1989 No. 9 40 0.015 474 4.0217 308
Park
87 Ang et al. 1981 No. 3 24 0.015 427 0.0113 320
88 | Nosho et al. 1996 No. 1 41 0010 407 0.0010 351
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48 | Azizinamini | 1988 NC-2 1417.1 1.10 3.51 2.00
et al.
49 Mo and 2000 Cl1-3 643.8 1.28 4.55 0.98
Wang
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Mo and

Wang

51 Mo and 2000 C2-3 624.2 1.26 4.66 0.84
Wang

52 Mo and 2000 C3-3 605.0 1.24 4,75 1.03
Wang

53 Mo and 2000 C2-2 632.0 1.1l 4.11 1.00
Wang

54 Zahn et al. 1986 No. 9 752.2 1.13 4.65 0.97

55 Saatcioglu 1999 BG-3 771.2 1.07 3.84 1.37

and Grira
56 Saatcioglu 1999 BG-8 524.9 1.04 5.30 1.03
and Grira

57 Muguruma 1989 BL-1 209.7 1.03 6.66 0.58
et al.

58 | Soesianawati | 1986 No. 2 602.0 1.08 7.10 1.90
) et al.

59 | Soesianawati | 1986 No. 3 450.1 1.07 7.61 1.5
et al.

60 | Galeotaetal. | 1996 AA4 226.9 1.25 6.32 476

61 ! Galeotaetal. | 1996 BAl 310.0 1.28 5.98 3.32

62 | Galeotaetal. | 1996 BA4 310.0 1.00 5.98 2.99

63 | Galeotaetal. | 1996 CAl 559.4 0.92 4.98 3.78

64 | Galeotaetal. | 1996 CA3 5594 1.20 4,98 2.37

65 | Galeotaetal. | 1996 BB1 301.2 0.92 5.98 1.19

66 | Galeotaetal. | 1996 BR2 300.3 I.11 5.98 1.24

67 | Galeotaetal. | 1996 CBI 534.4 0.98 4.98 1.00

68 | Galeotaetal | 1996 CB2 5343 0.99 4.98 1.09

69 1 Galeotaetal. | 1996 BA2 304.9 1.01 7.37 2.90

70 | Galeotaetal | 1996 BA3 304.9 1.03 7.37 3.09

71 | Galeotaetal. | 1996 CA2 5274 0.99 6.13 2.56

72 | Galeotaetal. | 1996 CA4 527.4 1.06 6.13 1.87

73 | Galeotaetal. | 1996 BB4 298.1 0.95 7.37 0.84

74 | Galeotaetal. | 1996 BB4B 298.1 0.93 7.37 1.10

75 | Galeotaetal. | 1996 CB3 5154 0.93 6.13 0.86

76 | Galeotaetal | 1996 CB4 5154 0.96 6.13 0.99

77 Matamoros 1999 | C10-20N 221.5 0.84 545 0.90
etal,

78 Matamoros 1999 | C10-208 228.8 0.86 5.47 0.91
et al.

79 Muguruma 1989 BH-1 459.2 1.06 4.97 0.69
et al.

80 Thomsen 1994 A3 159.0 1.07 5.68 3.02

and Wallace
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g1 Thomsen 1994 B3 205.7 0.98 531 3.19
and Wallace
&2 Thomsen 1994 D3 186.8 0.92 5.06 3.11
and Wallace
83 Thomsen 1994 DI 253.5 0.94 4.45 3.14
and Wallace
84 Thomsen 1994 C3 312.3 0.90 4.05 3.62
and Wallace
85 Thomsen 1994 p2 216.2 0.95 5.15 4.41
and Wallace
86 | Watson and 1989 No. ¢ 1164.1 1.66 6.67 1.55
Park
87 Ang et al, 1981 No. 3 788.7 1.10 4.84 1.87
88 | Nosho et al. 1996 No. 1 1124 1.13 8.99 2.69
89 | Watson and 1989 No. 3 591.2 1.21 9.63 1.36
Park
S0 Watson and 1989 No. 6 3957 1.25 10.72 1.69
Park
91 Zahn et al. 1986 No. 10 8964 1.09 6.74 1.27
92 Matamoros 1999 C35-40N 204.5 0.88 5.66 1.06
et al.
93 Matamoros 1999 C5-408 202.7 0.91 5.70 1.05
et al.
94 Saatciogiu 1999 BG-1 4232 1.13 8.28 1.47
and Grira
95 Saatcioglu 1999 BG-2 713.9 1.11 5.88 1.54
and Grira
96 Saatcioglu 1999 BG-6 831 .4 1.06 4.46 1.49
and Grira
97 Saatcioglu 1999 BG4 519.8 1.06 7.86 1.67
and Grira
98 Saatcioglu 1999 1  BG-3 901.0 1.2} 4.50 1.90
and Grira
99 Saatcioglu 1999 BG-10 904.0 1.35 4.50 1.32
and Grira
100 ; Saatcioglu 1999 BG-7 510.5 1.07 7.94 0.87
and Grira
101 1 Saatcioglu 1999 BG-9 5129 132 7.94 1.20
and Grira
102 | Azizinamini 1988 NC-4 1048.5 110 5.45 1.72
et al.
103 | Muguruma 1989 AL-1 179.5 119 8.12 0.52
et al.
104 | Muguruma 1989 AL-2 i42.4 1.37 11.06 1.13
et al.
105 | Muguruma 1989 BL-2 181.9 1.14 8.98 0.82
etal.
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106 | Bayrak and 1996 AS-4HT 1051.9 0.95 5.96 1.53
Sheikh
107 | Bayrak and 1996 ES-1HT 663.9 0.94 8.76 1.48
Sheikh
108 | Bayrak and 1996 AS-5HT 12633 0.96 6.73 4.99
Sheikh
109 | Bayrak and 1996 AS-6HT 13259 0.95 6.03 2.12
Sheikh
110 | Bayrak and 1996 ES-8HT 866.8 0.86 8.52 2.46
Sheikh
111 | Bayrak and 1996 AS2HT 754.5 0.92 6.82 1.33
Sheikh
112 | Bayrak and 1996 AS-3HT 704.3 0.96 8.44 1.71
Sheikh
113 Bayrak and 1996 AS-THT 713.6 0.83 8.90 2.13
Sheikh
114 | Muguruma 1989 AH-1 3953 1.20 5.14 0.63
et al.
115 | Mugurwma 1989 AH-2 307.8 1.40 7.00 0.75
et. al
116 | Muguruma 1989 BH-2 389.6 1.14 6.70 0.62
et al.
mean 1.08 £ 1.67+
0.33% 1.71%
std-dev 0.16 0.93
V. 14.48% 35.62%

(Berry et al. 2003; Brachmann 2002)
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- A7. Cyclic shear failure

480

1 Zhou et al. 1987, No. 302-07 160 160 3.0
2 Zhou et al. 1987, No. 312-07 160 160 480 3.0
3 Zhou et al. 1987, No. 322-07 160 160 480 3.0
4 Wight and Sozen 1973, No. 40.048(East) 152 305 876 2.9
5 Wight and Sozen 1973, No. 40.048(West) 152 305 876 2.9
6 Wight and Sozen 1973, No. 40.033(East) 152 305 876 2.9
7 Wight and Sozen 1973, No. 40.033(West) 132 305 876 2.9
8 Wight and Sozen 1973, No. 25.033(East) 152 305 876 2.9
9 Wight and Sozen 1973, No. 25.033(West) 152 305 876 2.9
10 Wight and Sozen 1973, No. 40.067(East) 152 305 876 2.9
11 Wight and Sozen 1973, No. 40.067(West) 152 305 876 | 2.9
12 Wight and Sozen 1973, No. 40.092(East) 152 308 876 2.9
13 Wight and Sozen 1973, No. 40.092(West) 152 303 876 29
14 Lynn et al. 1998, 3CLHI1S 457 457 {1 1473 | 32
15 Lynn et al. 1998, 2CLH18 457 457 | 1473 | 3.2
16 Lynn et al. 1998, 2CMHI18 457 457 1 1473 | 32
17 Lynn et al. 1998, 3CMHI18 457 457 | 1473 | 3.2
31 Lynn et al. 1998, 3CMD12 457 457 | 1473 | 3.2
19 Lynn etal. 1996, 3SLH18§ 457 457 | 1473 | 3.2
20 Lynn et al. 1996, 2SLH18 4357 457 | 1473 | 32
21 Lynn et al. 1996, 35MD12 4357 457 | 1473 | 32
22 Matamoros et al. 1999,C10-05N 203 203 610 3.0
23 Matamoros et al. 1999,C10-10N 203 203 610 3.0
24 Matamoros et al. 1999,C10-20N 203 203 610 3.0
25 Matamoros et al. 1999,C10-20S 203 203 610 3.0
26 Matamoros et al. 1999,C5-20N 203 203 610 3.0
27 Matamoros et al. 1999,C5-208 203 203 610 3.0
28 Matamoros et al. 1999,C5-40N 203 203 610 3.0
29 Matamoros et al. 1999,C5-408 203 203 610 3.0
30 Aboutaha et al. 1999, SC3 9id 457 | 1219 | 2.7
31 Ichinose et al. 2001, D16S 250 230 450 1.8
32 Ichinose et al. 2001, D16n 250 250 450 1.8
33 Ichinose et al. 2001, D195 250 250 430 1.8
34 Ichinose et al. 2001, DI9N 250 250 450 1.8
35 Ichinose et al. 2001, D228 250 250 450 1.8
36 Ichinose et al. 2001, D22N 250 250 450 1.8
37 Ichinose et al. 2001, P228 250 250 450 1.8
38 Ichinose et al. 2001, P22N 250 250 450 1.8

484




..

0.022

341

006

1
2 , No. 312-07 29 0.022 | 341 0.006 | 559
3 Zhou et al. 1987, No. 322-07 29 0.022 | 341 0.015 | 559 |
4 Wight and Sozen 1973, No. 40.048(East) 26 0.024 | 496 | 0.005 345
5 Wight and Sozen 1973, No. 40.048(West) 26 0.024 } 4% | 0.005 | 345
6 Wight and Sozen 1973, No. 40.033(East) 34 0.024 | 496 | 0.003 | 345 |
7 Wight and Sozen 1973, No. 40.033(West) 34 0.024 | 496 | 0.003 | 345
8 Wight and Sozen 1973, No. 25.033(East) 34 0.024 | 496 |} 0.003 | 345
9 Wight and Sozen 1973, No. 25.033(West) 34 0.024 | 496 | 0.603 | 345
10 Wight and Sozen 1973, No. 40.067(East) 33 0.024 | 496 | 0.006 | 345
I Wight and Sozen 1973, No. 40.067(West) 33 0.024 | 496 | 0.006 | 345
12 Wight and Sozen 1973, No. 40.092(East) 34 0.024 ¢ 496 | 0.009 | 317
13 Wight and Sozen 1973, No. 40.092(West) 34 0024 { 496 | 0009 | 3 I7ﬂ
14 Lynnetal. 1998, 3CLHI8 27 0.030 | 331 0.001 400
15 Lynn et al. 1998, 2CLHI1S 33 0019 | 331 0.001 | 400
i6 Lynn et al. 1998, 2CMH18 26 0.019 | 331 | 0.001 | 400
17 Lynn et al. 1998, 3CMH18 28 0.030 | 331 | 0.001 | 400
18 Lynn et al. 1998, 3CMD12 28 0.030 { 331 | 0.002 | 400
19 Lynn et af. 1996, 3SLHI18 27 0.030 + 331 | 0.001 { 400
20 Lynn et al. }996,ZSLH18 33 0019 ¢ 331 .001 | 400
21 Lynn et af. 1996, 3SMD 12 26 0.030 1 331 | 0.002 | 400
22 Matamoros et al. 1999,C10-05N 70 0.019 {1 586 | 0.010 } 407
23 Matamoros et al. 1999,C10-10N 68 0.019 1 572 | 0.010 § 514
24 Matamoros et al. 1999,C10-20N 66 0.019 ¢ 572 | 0.010 | 514
25 Matamoros et al. 1999,C10-208 66 0.019 | 573 | 0.010 | 515
26 Matamoros et al. 1999,C5-20N 48 0.019 | 586 | 0.0I10 | 407
27 Matamoros et al. 1999,C5-208 48 0019 | 587 | 0.010 | 408
28 Matamoros et al. 1999,C5-40N 38 0.019 1 572 | 0.010 | 514
29 Matamoros et al. 1999,C5-408 38 0.019 | 573 0.010 515
30 Aboutaha et al. 1699, SC3 22 0.019 1 434 | 0.001 | 400
31 Ichinose et al. 2001, DI6S 29 0026 | 377 | 0013 | 319
32 Ichinose et al. 2001, D16n 29 0.026 | 377 | 0.013 | 319
33 Ichinose et al. 2001, D195 29 0.036 | 374 | 0.013 | 319
34 Ichinose et al. 2001, DION 29 0.036 y 374 | 0013 ) 319
35 Ichinose et al. 2001, D228 29 0049 | 391 | 0.013 | 319
36 I[chinose et al, 2001, D22N 29 0.049 1 391 0.013 } 319
37 Ichinose et al. 2001, P228 29 0.049 | 1080 | 0.013 319
L 38 Ichinose et al. 2001, P22N 29 0.049 | 1080  0.013 | 319
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1.5%

1 Zhou et al. 1987, No. 302-07 517 0.70 7

2 Zhou et al. 1987, No. 312-07 517 0.70 7 1.5%
3 Zhou et al. 1987, No. 322-07 517 0.70 i1 2.2%
4 Wight and Sozen 1973, No. 40.048(East) 178 0.15 43 4.9%
S Wight and Sozen 1973, No. 40.048(West) 178 0.15 47 S.4%
6 Wight and Sozen 1973, No. 40.033(East) 178 0.11 47 5.4%
7 Wight and Sozen 1973, No. 40.033(West) 178 0.11 49 5.6%
8 Wight and Sozen 1973, No. 25.033(East) i1l 0.07 31 3.6%
9 Wight and Sozen 1973, No. 25.033(West) 11 0.07 30 3.4%
10 Wight and Sozen 1973, No. 40.067(East) 178 0.11 59 6.7%
11 Wight and Sozen 1973, No. 40.067(West) 178 0.11 59 6.7%
i2 Wight and Sozen 1973, No. 40.092(East) 178 0.11 32 5.9%

3 Wight and Sozen 1973, No. 40.092(West) 178 011 50 5.7%
14 Lynnetal. 1998, 3CLH13 503 0.09 31 2.1%
i5 Lynn et al. 1998, 2CLH18 503 .07 38 2.6%
16 Lynn et al, 1998, 2CMH138 1512 0.28 15 1.0%
17 Lynn et al. 1998, 3CMHI18 1512 0.26 30 2.1%
18 Lynn et al. 1998, 3CMD12 1512 0.26 33 2.3%
19 Lynn et al. 1996, 35LH18 503 0.09 46 3.1%
20 Lynn et al. 1996, 2SLH18 503 0.07 54 3.7%
21 Lynn et al. 1996, 35MD}2 1512 0.28 25 1.7%
22 Matamoros et al. 1999,C10-05N 142 0.05 32 5.2%
23 Matamoros et al. 1999,C10-10N 285 0.10 38 6.2%
24 Matamoros et al. 1999,C10-20N 569 0.21 32 5.2%
25 Matamoros et al. 1999,C10-208 569 0.21 32 5.2%
26 Matamoros et al. 1999,C5-20N 285 0.14 44 7.2%
27 Matamoros et al. 1999,C5-208 285 0.14 44 7.2%
28 Matamoros et al. 1999,C5-40N 569 0.36 26 4.3%
29 Matamoros et al. 1999,C5-40S5 569 0.36 25 4.2%
30 Aboutaha et al. 1999, SC3 0 0.00 36 3.0%
KR Ichinose et al. 2001, D16S 0 0.00 22 4.8%
32 Ichinose et al. 2001, D16n 0 0.00 25 5.6%
33 Ichinose et al. 2001, D195 0 0.00 22 4.8%
34 Ichinose et al. 2001, DI9N O 0.00 22 4.8%
35 Ichinose et al. 2001, D228 0 0.00 14 3.1%
36 Ichinose et al. 2001, D22N 0 0.00 16 3.5%
37 Ichinose et al. 2001, P22S 0 0.00 13 2.8%
38 Ichinose et al. 2001, P22N 0 0.00 16 3.6%
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1 Zhou et al. 1987, No. 302- 0.36
2 Zhou et al. 1987, No. 312-07 33 0.34 0.33
3 Zhou et al. 1987, No. 322-07 52 0.25 0.20
4 Wight and Sozen 1973, No. 40.048(Fast) 105 1.38 0.71
5 Wight and Sozen 1973, No. 40.048(West) 98 1.39 0.70
6 Wight and Sozen 1973, No. 40.033(East) 94 1.40 0.61
7 Wight and Sozen 1973, No. 40.033(West) 105 1.56 0.88
8 Wight and Sozen 1973, No. 25.033(East) 88 0.86 0.66
9 Wight and Sozen 1973, No. 25.033(West) 93 0.88 0.87
10 Wight and Sozen 1973, No. 40.067(East) 102 0.97 0.56
11 Wight and Sozen 1973, No. 40.067(West} 99 095 (.55
12 Wight and Sozen 1973, No. 40.092(East) 121 0.79 0.53
13 Wight and Sozen 1973, No. 40.092{West) 121 0.79 0.53
14 Lynn et al, 1998, 3CLHIS 277 0.66 0.71
15 Lynn et al. 1998, 2CLH18 241 0.58 1.00
16 Lynn et al. 1998, 2CMH18 306 0.49 0.66
17 Lynn et al. 1998, 3CMH18 328 0.62 0.86
18 Lynn et al. 1998, 3CMD12 356 0.62 0.62
19 Lynn et al. 1996, 3SLHi8 270 0.81 0.69
20 Lynn et afl. 1996, 2SLH18 233 0.73 0.58
21 Lynn et al, 1996, 38MD12 367 0.59 0.62
22 Matamoros et al. 1999,C10-05N 70 0.41 0.31
23 Matamoros et al, 1999,C10-10N 96 0.48 0.28
24 Matamoros et al. 1999,C10-20N 108 0.60 0.29
25 Matamoros et al. 1999,C10-208 104 0.65 0.31
26 - Matamoros et al. 1999,C5-20N 73 (.52 031
27 Matamoros et al, 1999,C5-208 73 0.33 032
28 Matamoros et al. 1999,C5-40N 85 0.34 0.25
29 Matamoros et al. 1999,C5-408 85 0.53 0.26
30 Aboytaha et al. 1999, SC3 407 0.74 0.87

487




31 Ichinose et al. 2001, D168 140 0.70 0.34 1.6l
32 ichinose et al. 2001, D16n 139 0.78 0.34 1.81
33 Ichinose et al. 2001, D19S 191 0.95 0.47 2.24
34 Ichinose et al. 2001, D19N 196 0.99 0.48 231
35 Ichinose et al. 2001, D228 254 0.68 0.57 2.40
36 Ichinose et al. 2001, D22N 252 0.74 0.60 2.51
37 Ichinose et al. 2001, P2285 309 0.83 0.68 n/a
38 Ichinose et al. 2001, P22N 290 0.89 0.63 n/a

mean 0.75% 0.55 & 447+

1.31% 1.67% | 3.12%
std- 0.30 0.21 3.84

dev
c.Y. 39.77% 38.12% | 86.1%

(Berry et al. 2003; Brachmann 2002; Ichinose et al. 2001; Matamoros 1999; Wight
and S6zen 1973)
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A8. Shear strength degradation

“Wight and
Sozen :
2 Wight and 1973 .40, 152 305 273 64 876 32
Sozen {West)
3 Wight and 1973 | No.25.033 152 303 273 64 876 3.2
Sozen (East)
4 Wight and 1973 | No.25.033 1532 303 273 64 876 | 3.2
Sozen (West)
5 Matamoros et | 1999 C3-20N 203 203 157 92 G6i0 | 3.9
al.
6 Matamoroes et | 1999 C10-05N 203 203 155 96 610 3,9
al.
7 Matamoros et | 1999 C5-208 203 203 156 94 610 | 3.9
al.
8 Matamoros et ; 1999 C10-10N 203 203 169 68 610 3.6
al.
9 Matamoros et | 1999 C5-40N 203 203 174 57 610 35
al. .
10 Matamoros et | 1999 C5-408 203 203 174 57 610 3.5
al.
11 Matamoros et | 1999 C10-20N 203 203 173 60 610 | 3.5
al. .
12 Matamoros et | 1999 C10-208 203 203 180 45 610 34
al.
13 Ichinose etal. | 2001 Dl6s 250 250 233 34 450 1.9
14 Ichinose et al. | 2001 Di%s 250 250 233 34 450 1.9
15 Ichinose et al. | 2001 D19N 250 250 233 34 430 1.9
16 Ichinose et al. | 2001 D228 250 250 233 34 430 1.9
17 Ichinose etal. | 2001 D22N 250 250 233 34 450 1.9
18 Ichinose et al. | 2001 P228 250 250 233 34 450 1.9
19 Ichinose et al. | 2001 P22N 250 250 233 34 450 1.9
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Wight and No. 40.067
L Sozen (East)
2 Wight and 1973 | No. 40.067 33 0.024 | 496 0.006 | 345 0.07
Sozen {West)
3 Wight and 1973 i No.25.033 34 0.024 | 496 0.003 345 0.03
Sozen (East)
4 Wight and 1973 | No. 25.033 34 10024 ] 496 0.003 345 0.03
Sozen {West)
5 Matamoros et | 1999 C5-20N 48 0.019 | 386 0.009 | 407 0.08
al.
6 Matamoros et | 1999 | CI10-05N 70 0.019 1 386 0.009 | 407 0.05
al.
7 Matamoros et | 1999 C3-208 43 0.019 | 387 0.009 | 408 0.08
al.
8 Matamoros et | 1999 | C10-10N 68 0.019 | 572 0.009 | 514 0.07
al,
9 | Matamoroset | 1999 C5-40N 38 0.019 | 572 0.0090 | 514 .12
al.
10 | Matamoroset | 1999 C5-408 38 0.019 | 573 0.009 515 0.12
al.
11 | Matamoroset | 1999 | C10-20N 66 | 0.015 1 572 0.009 514 0.07
al.
12 | Matamoroset | 1999 | C10-208 66 0.019 | 3573 0.009 515 0.07
al. .
13 | Ichinoseetal. | 2001 D16S 29 0.026 | 377 0.013 319 0.14
14 | Ichinoseetal. { 2001 D19S 29 0.036 | 374 0.013 319 0.14
15 | Ichineseetal. | 2001 DI9N 29 0.036 | 374 0.013 319 0.14
i6 | Ichinoseetal. | 2001 D228 29 0.049 | 391 0.013 319 0.14
17 | Ichinoseetal. | 2001 D22N 29 10.049 ] 391 0.013 319 0.14
1§ | Ichinoseetal. | 2001 P228 2% 1 0.049 1 1080 | 0.013 319 0.14
19 | Ichinoseetal. | 2001 P22N 29 | 0.049 1 1080 | 0.013 319 0.14
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| Wight and Sozen | 1973 | No. 40.067 0.11 92 72
{East)
2 Wight and Sozen | 1973 No. 40.067 178 0.11 92 72
(West)
3 Wight and Sozen | 1973 No. 25.033 111 0.07 85 65
{East)
4 Wight and Sozen ! 1973 No. 25.033 111 0.07 90 70
{West)
5 Matamoros et al. | 1999 C5-20N 285 0.14 73 57
6 Matamoros et al. | 1999 C10-05N 142 0.05 70 53
7 Matamoros et ai. | 1999 C5-208 285 0.14 73 56
3 Matamoros et al. | 1999 C10-10N 285 0.10 96 75
9 Matamoros et al. | 1999 C5-40N 569 0.36 85 64
I¢ | Matamoros etal. | 1999 C5-408 569 0.36 g3 62
11 | Matamoros etal. | 1999 C10-20N 569 0.21 i08 g1
12 | Matamoros etal. | 1999 - C10-208 569 0.21 104 §1
13 Ichinose et al. 2001 D16S 0 0.00 140 112
i4 Ichinese et al. 2001 D198 0 0.00 191 153
15 Ichinose et al. 2001 DI9N 0 0.00 196 157
16 Ichinose et al. 2001 D228 0 0.00 254 203
17 Ichinose et al. | 2001 D22N 0 0.00 252 202
18 Ichinose et al. 2001 P228 ¢ 0.00 309 247
19 Ichinose et al. | 2001 P22N 0 0.00 290 232
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I | Wightand | 1973 | No.40.067 11 0.068 | 60 | 82972 | 95
Sozen (East)
2 Wight and | 1973 No. 40.067 10 0.069 60 82,972 95
Sozen {West)
3 Wight and | 1973 No. 25.033 12 0.036 32 76,556 87
Sozen (East)
4 Wight and 1973 No. 25.033 11 0.048 42 76,556 87
Sozen {West)
5 Matamoros | 1999 C5-20N 6 0.043 26 52,283 86
et al.
6 Matamoros | 1999 C10-05N 8 0.052 32 46,210 76
et al.
7 Matamoros | 1999 C5-208 6 0.041 25 51,789 85
et al.
8 Matamoros | 1999 C10-10N 7 0.062 38 59,755 98
et al.
9 Matamoros | 1999 C5-40N 5 0.042 20 58,382 96
et al.
10 Matamoros | 1999 C5-408 5 0.041 25 56,364 92
et al.
11 Matamoros | 1999 C10-20N 7 0.052 32 77,798 128
etal :
i2 Matamoros | 1999 C10-208 7 0.052 32 73,538 121
et al.
i3 Ichinose et | 2001 D16S . 3 0.048 22 62,550 139
al.
14 Ichinose et | 2001 D198 4 0.048 22 85,586 190
al,
15 Ichinose et | 2001 D19N 4 0.048 22 85,586 190
al.
16 fchinose et | 2001 D228 5 0.031 14 117,254 261
al.
17 Ichinose et | 2001 D22N 5 0.035 16 117,254 261
al.
18 Ichinose et | 2001 P228 8 0.028 13 217,181 4383
al.
i9 Ichinose et | 2001 P22N 9 0.036 16 217,181 483
al.
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Wight and Sozen No. 40.067
{East)
2 | Wight and Sozen | 1973 No. 40.067 45 0.05 95
{West)
3 | Wight and Sozen | [973 No. 25.033 23 0.03 81
{East)
4 | Wight and Sozen | 1973 No. 25.033 23 0.03 93
{West)
5 Matamoros et al, | 1999 C5.20N 32 0.05 45
6 Matamoros et al. | 1999 C10-05N 32 (.05 57
7 Matamoros et al. [ 1999 C5-208 32 0.05 49
8 Matamoros et al. | 1999 Cl10-10N 38 (.06 77
9 Matamoros etal. | 1999 C5-40N 19 0.03 69
10 | Matamoros etal. | 1999 C5-408 18 0.03 69
11 | Matamoros etal. | 1999 C10-20N 38 0.06 73
12 | Matamoros et al, | 1999 C10-208 32 0.05 73
13 Ichinose et al. 2001 D168 n/a n/a n/a
14 Ichinose et al. 2001 D198 18 0.04 155
15 Ichinose et al. 2001 D19N wa va n/a
16 Ichinose et al. 2001 D228 6 0.01 251
17 fchinose et al. 2001 D22N n/a wa n/a
18 Ichinose et al. 2001 P228 10 0.02 273
19 Ichinose ¢t al, 2001 P22N n/a n/a n/a

493




1 | Wightand Sozen | 1973 | No. 40.067 140 124 16 0.61
{East)
2 Wight and Sozen | 1973 No. 40.067 140 124 16 0.64
(West)
3 Wight and Sozen | 1973 No. 25.033 80 64 13 1.02
{East)
4 Wight and Sozen | 1973 No. 25.033 80 64 15 1.21
{West)
5 Matamoros et al. | 1999 C5-20N 200 179 21 0.13
6 Matamoros et al, | 1999 C10-05N 213 198 15 0.21
7 Matamoros et al. | 1999 C5-208 198 176 22 0.15
8 Matamoros etal, | 1999 Ci0-10N 264 248 17 0.24
9 Matamores etal. | 1999 C5-40N 237 202 35 0.17
16 | Matamoros etal. | 1999 C5-408 235 200 35 0.17
1 | Matamoros et al. | 1999 C10-20N 253 218 33 0.18
12 | Matamoros etal | 1999 C10-208 251 221 30 0.20
13 Ichinose et al. 2001 D16S 233 212 21 n/a
14 Ichinose et al. 2001 D19s 230 209 21 0.64
13 Ichinose et al. 2001 DISN 230 209 21 n/a
16 Ichinese et al. 2001 D225 227 206 21 1.12
17 Ichinose et al. 2001 D22N 227 206 21 n/a
18 Ichinose et al. 2001 P228 202 180 21 1.40
19 Ichinose et al. 2001 P22N 202 180 21 n/a

494




1973

No. 40.067
(East)
2 Wight and | 1973 | No. 40.067
Sozen {West)
3 Wight and | 1973 | No. 25.033
Sozen {Easf)
4 Wight and | 1973 | No. 25.033
Sozen {West)
5 Matamoroc | 1999 C3-20N
s et al.
6 Matamore | 1999 | CI0-05N
s etal.
7 Matamoro | 1999 C3-208
setal.
g Matamoro | 1999 | CI10-10N
s et al,
9 Matamoro | 1999 C5-40N
setal
10 | Matamoro | 1999 C5-408
s et al.
11 | Matamoro | 1999 | C10-20N
s et al.
12 | Matamoro | 1999 | (C16-20S8
s et al.
13 Ichinose | 2001 D168 0.02 | 0.0 278 6.34 0.24 1.29
et al, 01
14 Ichinose | 2001 D198 0.03 0.0 293 7.25 0.25 1.49
et al. 01
15 Ichinose | 2001 DI9N 0.02 | 0.0 211 5.19 0.18 1.27
et al. 01
16 Ichinose | 2001 D228 0.01 0.0 312 7.67 0.27 0.63
et al. 02
17 Ichinose | 2001 D22N 002 | 00 295 7.26 0.25 (.88
et al. 01
18 Ichinose | 2001 P228 002 | 0.0 308 7.57 0.26 1.05
et al. 02
19 Ichinose | 2001 P22N 0.02 | 00 316 7.77 0.27 0.85
et al. 02
mean 107+
4.34 %
std-dev 0.300
c.v. 28.14 %




124

i Wight and Sozen | 1973 No. 40.067 0.00 0.74
{East)
2 Wight and Sozen | 1973 No. 40.067 0.60 124 0.76
{West)
3 Wight and Sozen | 1973 No. 25.033 0.00 64 1.26
{East)
4 | Wightand Sozen | 1973 | No. 25.033 0.00 64 1.45
(West)
5 Matamoros et al. | 1999 C5-20N 6.00 179 0.25
6 Matamoros et al. | 1999 C10-05N 0.00 198 0.29
7 Matamoros et al. | 1999 C3-208 0.00 176 0.28
8 Matamoros et al. | 1999 C10-10N 0.00 248 0.31
9 Matamoros et al. | 1999 C5-40N 0.00 202 0.34
10 Matamoros et al. | 1999 C5-408 0.00 200 0.35
11 Matamoros et al. | 1999 C10-20N 0.00 218 0.33
12 | Matamorosetal. | 1999 C10-208 0.00 221 0.33
13 Ichinose et al. 2001 D168 n/a n/a na
14 Ichinose et al. 2001 D19s 0.00 209 0.74
15 Ichinose et al. 2001 DI9N n/a n/a n/a
16 Ichinose et al. 2001 D228 0.29 212 1.18
17 1 Ichinose ef al. 2001 D22N n/a n/a n/a
18 Ichinose et al. 2001 P228 0.00 180 1.51
19 Ichinose et al. 2001 P22N n/a n/a n/a
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(Ichinose et al. 2001; Matamoros 1999; Wight and Sézen 1973)
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Wight and Sozen No. 40.067
(East)
2 Wight and Sozen | 1973 No. 40.067 0.29 357 2.66 2.57
(West)
3 | Wight and Sozen | 1973 No.25.033 n/a n/a a wa
(East)
4 | Wight and Sozen | 1973 No. 25.033 n/a n/a n/a n/a
{West)
5 Matamoros et al. | 1999 C5-20N 026 45.8 0.98 1.58
6 Matamoros et al. | 1999 CI10-05N 0.38 74.6 0.76 (.94
7 Matamoros etal. | 1999 C5-208 0.26 45.1 1.09 1.61
8 Matamoros et al. | 1999 Cl10-10N 0.26 65.0 1.19 1.47
9 Matamoros et al. | 1999 C5-40N 0.22 453 1.52 1.87
10 | Matamorosetal. | 1999 C5-408 0.23 46.7 1.48 1.81
11 Matamoros etal. | 1999_ C10-20N 0.18 39.8 1.83 2.70
12 Matamoros et al, | 1999 C10-208 0.21 46.4 1.57 223
13 Ichinose et al. 2001 D168 n/a n/a n/a n/a
14 fchinose et al. 2001 D198 0.74 153.7 1.01 1.24
13 Ichinose et al. 2001 D19N n/a n/a n/a n/a
i6 Ichinose et al, 2001 D228 n/a n/a n/a n/a
17 Ichinose et al. 2001 D22N n/a nwa n/a wa
18 Ichinose et al, 2001 P228 n/a n/a n/a n/a
19 Ichinose et al. 2001 P22N n/a n/a n/a 1/a
mean 1.51+ . 1.87+
2.80 % 2.10%
std-dey 0.629 0.383
C.V. 41.61 % 31.21 %




A9. Wall database

I3 Hirosawa 9 Barbell Alternating | 100 106 30 600
2 15 Barbell Alternating [ 150 106 30 600
3 16 Barbel} Alternating | 150 100 30 600
4 Rye 29 Barbeil Repeated 250 1 250 78 2300
5 30 Barbell Alternating | 250 | 250 75 2300
6 31 Barbell Alternating | 250 250 80 1550
7 Kobusho 46 Flanged Alternating | 145 30 23 430
8 47 Flanged Alternating | 145 30 24 430
9 50 Flanged Alternating | 145 30 27 430
10 51 Flanged Alternating | 145 30 24 430
11 52 Flanged Alternating | 145 30 22 430
- 12 53 Flanged Alternating | 145 30 16 430
13 54 Flanged Alternating | 145 30 22 430
i4 55 Flanged Alternating | 1453 30 22 430
15 56 Flanged Alternating | 145 30 24 430
16 57 Flanged Alternating | 143 30 23 430
17 58 Flanged Alternating | 145 30 23 430
18 59 Flanged Alternating | 145 30 21 430
19 61 Barbeli Alternating | 60 60 20 420
20 64 Barbeli Alternating | 60 60 20 420
21 65 Barbeli Alternating 60 60 20 420
22 69 Barbell Alternating 60 60 20 420
23 Sugano 70 Barbell Alternating | 25G | 250 74 2300
24 71 Barbell Alternating | 250 | 250 83 2300
25 Hirosawa 72 Rectangular | Alternating | 160 170 160 1700
26 Tanabe 101 Barbell Monotonic 60 60 20 570
27 102 Barbeli Maenotonic 60 60 20 570
28 103 Barbell Monotonic 60 60 20 570
29 104 Barbell Monotonic 60 60 30 570
30 105 Barbell Monotonic 60 60 30 570
31 106 Barbell Monotonic 60 60 30 - 570
32 107 Barbeli Monaotonic 60 60 40 570
33 108 Barbell Monotenic 60 60 40 570
34 _ 109 Barbeil Monotenic 60 60 40 570
35 110 Barbell Monotonic 60 60 10 570
36 111 Barbell Monotonic 60 60 10 570
37 112 Barbell Monotonic 60 60 20 370
38 113 Barbell Monotonic 60 60 20 570
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Barbell Monotonic

40 115 Barbell Monotonic 60 60 30 570
41 116 Barbell Monotonic 60 60 40 570
42 117 Barbell Monotonic 60 60 40 570
43 Tsuboi 131 Barbell Repeated 107 120 67 507
44 134 Barbel! Repeated 107 120 67 507
45 135 Barbell Repeated 167 120 67 507
46 Sugano 140 Barbell Monotonic | 360 360 120 3960
47 141 Barbell Monotonic { 360 | 360 120 3960
48 142 Barbell Monotonic | 360 | 360 120 3960
49 143 Barbell Monotonic |{ 360 | 360 120 3960
50 144 Barbell Monotonic | 360 | 360 120 3960
51 145 Barbelt Monotonic | 360 360 120 3960
52 146 Barbell Monotonic | 360 360 120 3960
53 147 Barbell Monotonic | 360 | 360 120 3960
54 Aoyagi 150 Barbell Alternating | 320 | 320 160 2720
55 152 Barbell Alternating | 320 | 320 160 2720
36 Yoshizaki 169 Rectanguiar | Alternating | 60 30 60 800
57 171 Rectangular | Alternating | 60 120 60 1200
58 172 Rectangular | Alternating | 60 120 60 1200
59 173 Rectangular | Alternating | 60 120 60 1200
60 174 Rectangular | Alternating | 60 120 60 1200
0l 176 Rectangular | Alternating i 60 160 60 1600
62 177 Rectangular | Alternating | 60 160 60 1600
63 178 Rectangular | Alternating | 60 160 60 1600
64 179 Rectangular | Alternating | 60 160 60 1600
65 | Kabeyasawa Kl - Barbell Alternating | 200 200 80 2000
66 K2 Barbell Alternating | 200 | 200 80 2000
67 K3 Barbell Alternating | 200 | 200 30 2000
68 K4 Barbell Alternating ; 200 | 200 80 2000
69 K7 Barbell Alternating | 200 | 200 120 2000
70 K8 Barbell Alternating 2060 | 200 120 2000
71 Paulay Wi Rectangular | Alternating { 100 | 200 100 3000
72 W3 Flanged Alternating | 500 100 100 3000
73 Antebi 6 Barbell Monotonic | 191 127 51 1803
74 10 Barbel} Monotonic | 191 127 51 1803
75 13 Barbell Monotonic | 191 127 51 1803
76 25 Barbell Monotonic | 191 | 127 51 1803
T 32 Barbell Monotonic | 191 127 5t 1803
78 35 Barbell Monotonic | 191 127 51 1803
79 37 Barbell Monotonic | 191 127 51 1803
80 41 Barbell Monotonic | 191! 127 51 1303 |
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81 45 Barbell Monotonic 191 127 76 1803
82 49 Barbell Monotonic | 191 127 {76 1803
3 50 Barbell Monotonic 191 127 76 1803
84 31 Barbell Monotonic 191 127 76 1803
85 54 Barbell Monotonic 191 127 76 1803
86 55 Barbell Monotonic 191 127 51 3327
87 58 Barbell Monotonic 191 127 51 3327
88 60 Barbeil Monotonic | 191 127 51 3327
89 Barda BI1-1 Flanged Monotonic | 610 102 102 1905
90 B2-1 Flanged Monotonic | 610 102 102 1905
91 B3-2 Flanged Alternating | 610 102 102 1905
92 Bo-4 Flanged Alternating | 610 102 102 1905
93 B7-5 Flanged Alternating | 610 102 102 1903
94 BS-5 Flanged Alternating | 610 102 102 1905
95 Benjamin 4BII-1 Barbell Monotonic | 127 102 51 610
96 4BII-2 Barbell Monotonic | 127 102 51 914
97 4BII-3 Barbell Monotonic | 127 102 51 1219
98 4BI1-4 Barbell Monotonic 127 102 51 1778
99 3BI-1 Barbell Monotonic 95 127 31 1727
160 IBI-1 Barbell Monotonic 191 127 51 1727
101 1BIi-2a Barbell Monotonic | 191 127 51 1727
102 1BII-2b Barbell Monotonic 191 127 51 1727
103 3BI-3 Barbell Monotonic | 305 127 51 1727
104 3AIL-1 Barbell Monotonic 127 102 44 914
1035 3AIL-2 Barbell Monotonic 127 102 44 914
106 1BII-1a Barbell Monotonic 95 64 23 864
107 1BI1-3 Barbell Monotonic | 286 191 76 2591
108 NV-1 Barbell Monotonic 127 127 51 1651
109 NV-11 Barbell Monotonic 127 127 51 1143
110 NV-18 Barbell Monotonic | 127 127 51 1936
11§ VR-3 Barbell Monotonic 191 127 51 1727
112 R-1 Barbell Monotonic | 191 127 51 1727
113 Al-A Barbell Monotonic 127 102 44 1778
114 Al-B Barbell Monotonic 127 102 44 1778
115 A2-B Barbell Monotonic | 127 | 102 44 1778
116 M-1 Barbeil Monotonic | 191 121 51 1575
117 M.2 Barbeil Monotonic { 191 121 51 1575
118 M-3 Barbell Monotonic | 191 121 51 1575
119 M-4 Barbeil Monotonic { 191 121 51 1575
120 MR-1 Barbell Monetonic | 127 127 44 1645
121 MR-2 Barbell Monotonic 127 127 44 1645
122 MR-3 Barbell Monotonic | 127 127 44 1645
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123 Benjamin MR-4 Barbeli Monotonic | 127 127 44 1645
124 VRR-1 Barbell Monotonic | 178 127 51 1727
125 MS-1 Barbell Monotonic | 127 127 51 1727
126 MS-2 Barbell Monotonic | 127 127 51 1727
127 MS-2-2 Barbell Monotonic | 127 127 51 1727
i28 MS-35 Barbell Monotonic | 127 127 51 2337
129 SD-1A Barbell Monotonic | 102 102 31 1219
130 SD-1B Barbeil Monetenic | 102 102 51 1215
131 SD-1C Barbell Monotonic | 102 102 51 1219
132 Gallerly A-8 Barbell Monotonic 102 102 44 914

133 A-4 Barbell Mongctonic | 102 102 44 914

134 B-8 Barbell Monotonic | 102 102 44 914

135 B4 Barbel} Monotonic | 102 102 44 914

136 C-8 Barbell Monotonic | 102 102 44 914

137 C4 Barbeli Monotonic | 102 102 44 914

i33 | Kabeyasawa, W08 Barbell Alternating | 200 | 200 80 1300
139 Hiraishi W12 Barbell | Alternating | 200 | 200 80 1300
140 1997 No. 1 Barbell | Alternating | 200 | 200 80 1300
141 No.2 Barbell Alternating | 200 | 200 80 1300
142 No.3 Barbell Alternating { 200 | 200 80 1300
143 No. 5 Barbell Alternating | 200 | 200 80 1300
144 No. 6 Barbell Alternating | 200 | 200 80 1300
145 No. 7 Barbel} Alternating | 200 | 200 g0 1300
146 No. 8 Barbell Alternating | 200 | 200 80 1300
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1 Hirosawa 9 1.17 702 154 26
2 15 1.75 1050 7.1 28
3 16 1.75 1050 10.3 29
4 Rye 29 0.63 1449 0.0 23
5 30 0.63 1449 0.0 33
6 31 0.94 1457 0.0 17
7 Kobusho 46 0.50 215 0.0 20
8 47 0.50 215 0.0 19
9 30 0.85 366 0.2 14
10 51 0.85 366 0.2 14
11 52 0.85 366 0.2 16
12 53 0.85 366 0.2 14
13 54 0.85 366 0.1 18
i4 35 0.85 366 0.2 17
15 36 0.85 366 0.1 24
16 57 0.85 366 0.2 16
i7 58 0.85 366 0.2 16
13 59 (.85 366 0.2 16
io 61 0.55 231 0.0 14
20 64 0.86 361 0.0 19
21 65 0.86 361 0.0 18
22 69 0.86 361 0.0 29
23 Sugano 70 0.63 1449 0.0 24
24 71 0.63 1449 0.0 25
25 Hirosawa 72 1.00 1700 11.7 17
26 Tanabe 101 0.84 479 0.0 34
27 102 0.84 479 0.0 30
28 103 0.84 479 0.0 35
29 104 0.84 479 0.0 36
30 105 0.84 479 0.0 34
31 106 0.84 479 0.0 34
32 107 0.84 479 0.0 3
33 108 0.84 479 0.0 35
34 109 0.84 479 0.0 36
35 110 0.84 479 0.0 46
36 111 0.84 479 0.0 43
37 112 0.84 479 0.0 43
38 113 0.84 479 0.0 49
39 114 0.84 479 .0 40
40 115 0.84 479 0.0 46
41 116 0.84 479 0.0 43
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Tanabe 117 479 0.0 43

43 Tsubol 131 1.77 897 0.0 31
44 134 0.99 502 0.0 30
45 135 0.99 502 0.0 29
46 Sugano 140 0.23 911 10.0 21
47 141 0.23 911 17.9 21
48 142 0.23 911 12.5 21
| 49 143 0.23 911 8.3 20
50 144 0.23 911 82 21
51 145 023 911 92 27
52 146 0.23 911 9.0 20
53 147 0.23 911 9.6 21
54 Aoyagi 150 0.56 1523 0.0 29
55 152 0.56 1523 0.0 29
56 | Yoshizaki 169 1.07 856 0.0 24
57 171 0.72 864 0.0 25
58 172 0.72 864 0.0 25
59 173 0.72 364 0.0 25
60 174 0.72 864 0.0 25
61 176 0.54 864 0.0 26
62 177 0.54 864 0.0 26
63 178 0.54 864 0.0 26
64 179 0.54 864 0.0 26
65 | Kabeyasawa Kl 0.75 1500 9.7 18
66 K2 0.75 1500 10.1 19
67 K3 0.75 1500 10.1 19
68 K4 0.75 1500 9.3 21
69 K7 0.75 1500 73 20
70 K38 0.50 1000 73 20
71 Paulay W1 0.57 1710 0.3 27
72 W3 0.57 1710 03 26
73 Antebi 6 0.64 1154 0.1 22
74 10 0.64 1154 0.1 23
75 13 0.64 1154 0.2 i8
76 25 0.64 1154 01 41
77 32 0.64 1154 0.1 27
78 35 0.64 1154 0.1 26
79 37 0.64 1154 0.1 28
80 41 0.64 1154 0.1 23
81 45 0.64 1154 0.1 20
82 49 0.64 1154 0.2 14
83 50 0.64 1154 02 16
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84 Antebi 51 0.64 1154 0.2 17
85 54 0.64 1154 0.2 14
86 55 0.34 1131 0.1 23
87 38 0.34 1131 02 20
88 60 0.34 1131 0.2 20
89 Barda Bi-1 0.50 933 0.3 29
90 B2-1 0.30 953 0.4 16
91 B3-2 0.50 953 0.3 27
92 B6-4 0.50 953 03 21
93 B7-5 0.25 476 0.2 26
94 BS-3 1.00 1905 04 23
95 Benjamin 4BII-1 i.10 671 0.0 20
96 4B11-2 0.69 631 0.0 21
97 4BIi-3 0.50 610 0.0 19
98 4B11-4 0.33 587 0.0 26
99 3BI-1 0.57 985 0.0 21
100 1BII-1 0.57 98s 0.0 20
101 1Bll-2a 0.57 985 0.0 22
102 1BII-2b 0.37 983 0.0 24
103 3BI-3 0.57 585 0.0 23
104 3ATI-1 0.69 631 0.0 25
105 3AIL-2 0.69 631 0.0 19
106 IBIl-1a 0.57 492 0.0 21
107 1BII-3 0.57 1477 0.0 21
108 NV-1 0.50 826 0.0 27
109 NV-11 1.00 1143 0.0 25
110 NV-18 0.33 645 0.0 21
111 VR-3 0.57 983 0.0 21
112 R-1 6.57 983 0.0 21
113 Al-A 0.33 587 0.0 22
114 Al-B 0.33 587 0.0 23
115 A2-B 0.33 587 0.0 20
116 M-1 0.58 913 0.0 22
117 M-2 0.77 1213 0.0 19
118 M-3 0.77 1213 0.0 25
119 M-4 0.58 913 0.0 21
120 MR-1 0.42 691 0.0 24
121 MR-2 0.32 526 0.0 20
122 MR-3 0.43 707 0.0 16
123 MR-4 0.32 326 0.0 21
124 VRR-1 0.53 915 0.0 22
125 MS-1 0.50 364 0.0 22
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Benjamin .
127 MS-2-2 0.50 864 0.0 24
128 MS-3 0.25 584 0.0 25
129 SD-1A 0.57 695 0.0 16
130 SD-iB 0.57 695 0.0 16
131 SD-1C 0.57 695 0.0 16
132 Gallerly A-8 0.72 658 0.0 36
133 Ad 0.72 658 0.0 30
134 B-8 0.72 658 0.0 34
135 B-4 0.72 658 0.0 34
136 c-8 0.72 658 0.0 32
137 C-4 0.72 658 0.0 30
138 | Kabeyasawa, Wos 0.66 1122 93 103
139 Hiraishi Wiz 0.66 1122 70 138
140 1997 No. 1 1.33 2261 14.7 65
141 No. 2 1.33 2261 13.5 71
142 No. 3 1.33 2261 134 72
143 No. 5 2 3400 12.5 77
144 No. 6 1.33 2261 12.9 74
145 No. 7 1.33 2261 13.4 72
146 No. 8 133 2261 12.6 76
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i Hirosawa 9 2.5 0.2 0.2 208.9 293.0 293.0
2 15 2.5 6.2 0.2 221.3 4757 4757
3 16 2.5 02 02 221.3 4757 475.7
4 Rye 29 2.6 02 0.2 467.5 335.1 335.1
S 30 2.6 02 0.2 467.5 335.1 335.1
6 31 2.6 0.2 0.2 467.3 485.4 4854
7 Kobusho 46 0.7 0.7 0.7 402.0 3234 3234
t 47 0.7 0.7 0.7 402.0 3234 3234
9 50 1.5 0.4 6.4 407.5 402.0 402.0
10 51 1.5 0.5 04 407.5 3234 3234
1] 52 1.5 0.5 0.5 407.5 323.4 3234
I2 53 1.5 0.7 0.7 407.5 323.4 323.4
13 54 1.5 0.7 0.7 407.5 323.4 3234
14 55 1.5 0.7 0.7 407.5 3234 323.4
15 . 36 1.5 0.5 0.5 407.5 3234 323.4
16 57 1.5 0.5 0.5 407.5 3234 3234
17 58 1.5 0.5 0.5 407.5 323.4 3234
i8 59 1.5 0.5 0.5 407.5 3234 3234
19 61 1.8 0.5 0.5 3427 3234 3234
20 64 32 0.5 0.5 3344 3234 3234
21 635 32 0.5 0.5 334.4 3234 3234
22 69 3.1 0.3 0.3 254.4 372.3 3723
23 Sugano 70 25 0.2 0.2 418.5 548.8 548.8
24 71 2.5 0.1 0.1 418.5 460.6 460.6
25 Hirosawa 72 5.7 0.5 0.3 376.5 419.2 419.2
26 Tanabe 101 4.7 1.3 1.8 367.5 284.1 284.1
27 102 4.7 1.8 1.8 367.5 284.1 284.1
28 103 4.7 1.8 1.8 367.5 284.1 284.1
29 104 4.7 1.2 12 367.5 284.1 284.1
30 105 4.7 1.2 1.2 367.5 284.1 284.1
31 106 4.7 1.2 1.2 367.5 2841 284.1
32 107 4.7 0.9 0.9 367.5 284.1 284.1
33 108 4.7 0.9 0.9 367.5 284.1 284.1
34 109 4.7 0.9 0.9 367.5 2841 284.1
33 110 4.7 1.8 1.8 293.0 294.4 294 4
36 111 4.7 1.8 1.8 293.0 294.4 294 .4
37 112 4.7 1.8 1.8 293.0 294.4 294 .4
38 113 4.7 1.8 i.8 293.0 2944 294 .4
39 114 4.7 1.2 1.2 293.0 294.4 294.4
40 115 4.7 1.2 1.2 293.0 2944 294 4
41 116 4.7 0.9 0.9 293.0 294.4 294.4
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1.9

43 Tsuboi 131 83 2.0 302.0 296.5 296.5
44 134 4.0 2.0 1.9 260.6 296.5 296.5
45 135 8.3 2.0 1.9 302.0 296.5 296.5
46 Sugano 140 1.8 0.7 0.7 3971 571.6 5716
47 141 1.8 0.7 0.7 397.1 571.6 571.6
48 142 1.8 0.7 0.7 3971 571.6 571.6
49 143 1.8 0.3 0.3 397.1 571.6 571.6
50 144 1.8 0.3 0.3 397.1 571.6 571.6
51 145 18 0.7 0.7 397.1 284.1 284.1
52 146 I.8 0.7 0.7 397.1 284.1 284.1
53 147 1.8 0.8 0.7 397.1 397.1 397.1
54 Aoyagi 150 1.7 0.6 0.6 362.7 339.2 336.2
55 132 6.5 0.6 0.6 272.3 339.2 339.2
56 Yoshizaki 169 3.9 1.2 1.2 345.4 433.7 433.7
57 171 3.9 0.8 0.8 342.7 4337 433.7
58 172 5.5 04 0.4 3427 433.7 433.7
59 173 5.9 0.8 0.8 3454 433.7 433.7
60 174 5.9 1.2 1.2 3454 433.7 433.7
61 176 2.9 0.8 0.8 3427 433.7 433.7
62 177 4.4 0.4 04 3454 4337 433.7
63 178 4.4 0.8 0.8 3454 4337 433.7
64 179 47 1.2 1.2 3509 433.7 433.7
65 | Kabeyasawa K1 0.7 0.3 0.3 391.6 395.1 395.1
66 K2 1.4 0.5 0.3 3916 3951 . 395.1
67 K3 2.1 0.8 0.8 391.6 395.1 395.1
68 K4 1.4 0.8 0.8 391.6 395.1 395.1
69 K7 1.4 0.5 0.5 377.8 356.5 356.5
70 K8 14 0.5 0.5 3718 356.5 356.5
71 Paulay Wl 0.8 0.8 1.6 299.9 341.3 341.3
72 W3 1.4 0.4 1.6 299.9 341.3 341.3
73 Antebi 6 2.1 0.3 0.3 3241 271.0 271.0
74 10 4.7 0.3 0.3 3054 271.0 271.0
75 13 21 0.5 0.5 296.5 393.0 393.0
76 23 2.1 0.5 0.5 275.8 330.9 330.9
77 32 2.1 0.5 0.5 3447 3447 3447
78 33 2.1 0.5 0.5 3447 344.7 344.7
79 37 21 0.5 0.5 3447 3447 344.7
80 41 47 0.5 0.5 337.8 3234 323.4
8l 45 2.1 0.3 0.3 295.8 313.7 313.7
82 49 2.1 0.3 0.3 3137 3192 319.2
83 50 2.1 0.5 0.5 319.2 306.1 306.1
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34 Antebi 51 2.1 0.5 0.5 318.5 3434 343.4
85 54 2.1 0.5 0.5 3123 346.1 346.1
86 55 2.1 0.5 0.5 320.6 360.6 360.6
87 58 2.1 0.5 0.5 3358 348.2 3482
88 60 2.1 0.5 0.5 318.5 350.3 3503
89 Barda Bi-1 1.8 0.5 0.5 5254 5433 4957
920 B2-1 6.5 0.5 0.5 486.8 551.6 4992
91 B3-2 42 0.5 0.5 413.7 5447 513.0
92 B6-4 4.2 0.3 0.5 528.8 496 .4 496.4
3 B7-5 42 0.5 0.5 539.2 330.9 501.2
94 B8-5 42 0.5 0.5 438.8 3274 4957
95 Benjamin 4BII-1 2.2 0.5 0.5 312.3 3413 341.3
96 4BI1.2 22 0.5 0.5 312.3 341.3 341.3
97 4B11-3 22 0.5 0.5 312.3 341.3 341.3
98 4Bi1-4 2.2 0.5 0.5 T3123 3413 341.3
99 3BI-1 4.2 0.5 0.5 312.3 - 3413 3413
160 1BI1-1 2.1 03 0.3 312.3 3413 3413
101 I1BII-2a 2.1 0.5 0.5 3123 3413 3413
102 1BiI-2b 2.1 0.5 0.5 312.3 3413 3413
103 3BI-3 i3 0.5 0.5 3123 3413 3413
104 JAIL-1 33 0.5 0.5 312.3 3413 3413
105 3AIL-2 3.3 03 0.3 3123 3413 3413
106 iBIl-1a 2.0 0.5 0.5 3123 341.3 3413
107 1BI1-3 2.0 0.5 0.5 3123 3413 3413
108 NV-1 1.8 0.5 0.5 312.3 3413 3413
109 NV-11 5.0 0.5 0.5 312.3 341.3 341.3
110 NV-18 1.8 0.3 0.5 3123 3413 3413
§ 9 VR-3 2.1 0.5 0.5 3123 341.3 3413
112 R-1 2.1 0.3 0.3 324.1 358.5 3585
113 Al-A 2.2 1.0 1.0 286.5 341.3 3413
114 Al-B 22 1.0 1.0 296.5 3413 3413
115 A2-B 22 15 1.5 296.5 3413 341.3
116 M-1 23 0.3 0.3 324.1 358.5 3585
117 M-2 2.3 03 0.3 324.1 3585 3585
118 M-3 2.3 0.3 0.3 324.1 358.5 3585
119 M-4 23 0.3 0.3 3241 3585 3585
120 MR-1 32 0.3 .3 324.1 358.5 358.5
121 MR-2 32 3 0.3 3241 3585 358.5
122 MR-3 32 0.3 0.3 324.1 358.5 358.5
123 MR-4 32 0.3 0.3 324.1 3585 358.5
124 VRR-1 23 0.5 0.5 293.0 293.0 293.0 .
125 MS-1 5.0 0.3 0.3 293.0 293.0 293.0
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Benjamin

5.0

127 MS-2-2 0.3 0.3 293.0 293.0 293.0
128 MS-5 5.0 03 0.3 293.0 293.0 293.0 |
129 SD-1A 2.8 0.5 0.5 293.0 293.0 293.0
130 SD-1B 28 0.5 0.5 293.0 293.0 2930
131 SD-1C 2.8 0.5 0.5 293.0 293.0 203.0
132 Gallerly A-8 49 0.8 0.8 317.2 3447 3447
133 A-4 49 1.6 1.6 3123 344.7 3447
134 B8 2.8 0.8 0.8 342.7 3447 3447
135 B4 2.8 1.6 1.6 342.7 344.7 3447
136 C-8 55 0.8 0.8 368.9 3447 3447
137 C-4 55 1.6 1.6 366.8 3447 3447
138 | Kabeyasawa, W08 2.1 0.5 0.5 761 1079 1079

139 Hiraishi wi2 2.1 0.5 0.5 761 1079 1079

140 1997 No. 1 5.1 02 | 02 1009 792 792

141 No. 2 5.1 0.3 0.3 1009 792 792

142 No. 3 5.1 0.5 0.5 1009 792 792

143 No. 5 5.1 0.5 0.5 1009 792 792

144 No. 6 5.1 0.7 0.7 1009 1420 1420

145 No. 7 51 1.0 1.0 1009 792 792

146 No. 8 5.1 15 1.5 1009 792 792
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1 Hirosawa 9 86.30 1.97 1.61
2 15 78.29 1.57 1.66
3 16 101.86 2.02 2.12
4 Rye 29 1055.12 3.01 1.48
5 30 931.90 2.33 1.08
6 31 608.07 228 1.79
7 Kobusho 46 2936 0.93 0.65
8 47 27.58 0.87 (.62
5 50 24.47 1.03 0.67
10 51 23.58 1.19 0.75
11 52 20.02 1.00 0.63
12 53 19.57 1.10 0.83
13 54 2491 0.93 0.67
14 55 25.80 0.97 0.71
i35 56 26.69 1.20 0.64
16 57 26.69 1.32 0.81
17 58 25.80 1.27 0.79
18 59 24.47 1.23 0.79
19 61 48.93 2.14 1.9¢
20 64 43,15 1.82 1.54
21 65 48.49 2.08 1.79
22 69 44,93 1.96 1.33
23 Sugano 70 833.60 2.07 1.17
24 71 804.24 242 1.02
25 Hirosawa 72 809.13 1.25 1.02
26 Tanabe 101 62.72 0.88 0.86
27 102 74,73 1.07 1.06
28 103 62.72 0.88 0.85
29 104 94.30 1.18 (.95
30 105 89.85 1.14 0.93
31 106 86.30 1.09 0.90
32 107 97.86 1.13 0.83
33 108 96.97 1.10 0.79
34 109 101.86 1.15 0.82
335 110 42.70 1.05 1.02
36 111 44 .04 1.09 1.07
37 112 68.30 0.91 0.84
38 113 70.73 0.92 0.82
39 114 70.73 0.85 0.67
40 115 76.51 0.89 0.68
41 116 78.29 0.82 0.55
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42 Tanabe 117 77.40 0.82 0.57
43 Tsuboi 131 161.92 0.83 1.08
44 134 195.28 0.97 1.30
45 135 184.60 0.91 1.23
46 Sugano 140 235533 0.79 1.62
47 141 2942.05 0.97 1.27
48 142 3138.22 1.01 133
49 143 1814.43 0.81 0.80
50 144 1912.29 0.83 0.81
51 145 213782 (.88 0.75
52 146 1681.24 0.84 0.87
53 147 2304.62 0.71 0.98
54 Aovyagi 150 1554.65 1.02 0.69
35 152 2309.52 1.42 1.03
56 Yoshizali 169 174.37 0.61 0.60
57 17t 23531 0.72 0.66
58 172 219.74 0.99 0.70
59 173 259.78 0.78 0.72
60 174 274.46 0.61 0.63
61 176 321.61 0.68 0.64
62 177 31854 1.12 0.69
63 178 382.55 0.79 0.76
64 179 421.69 0.65 0.72
65 | Kabeyasawa K1 439.48 1.42 (.82
66 K2 470.62 0.97 0.77
67 K3 54135 0.82 0.80
68 K4 507.99 0.77 0.72
69 K7 73840 1.10 0.79
70 K38 911.89 1.24 0.89
71 Panlay Wi 809.58 0.59 0.38
72 W3 786.45 0.79 0.34
73 Antebi 6 360.31 223 1.01
74 10 453.72 2.53 122
75 13 413.68 1.50 1.12
76 25 40924 1.40 0.72
77 32 444.82 1.64 1.00
78 35 404.79 1.51 0.94
79 37 360.31 131 0.79
80 41 471.51 1.77 1.17
81 45 409.24 71 6.79
82 49 400.34 1.84 0.96
83 50 409.24 124 0.82
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84 " Antebi 51 502.65 1.40 0.97
85 54 42747 1.21 0.90
86 55 49375 0.81 0.55
87 58 489.30 0.83 0.59
88 60 600.51 1.02 0.74
89 Barda Bl-1 1347.81 1.74 1.20
90 B2-1 1023.54 131 1.25
91 B32 1175.67 1.46 1.09
92 B6-4 915.44 1.81 0.97
93 B7-5 1209.03 1.01 1.03
94 B3-3 939.46 1.43 1.07
95 | Benjamin 4BIL-] 88.96 0.93 0.94
96 4BI[2 154.80 1.15 0.84
97 4BI-3 201.50 111 0.77
98 4BII-4 293.58 0.91 0.57
99 3BI-1 186.83 0.74 0.49
100 IBIL-1 24910 1.46 0.72
101 1BIl-2a 462.62 1.80 1.18
102 1BII-2b 373.65 1.43 0.91
103 1B1-3 293,58 1.09 0.74
104 3AIL-1 204.62 1.60 I.16
105 3AIL2 137.89 161 0.98
106 1BII-1a 92.52 1.45 0.96
107 IBI-3 685.03 1.20 0.81
108 NV-1 301.14 1.18 0.69
109 NV-11 22241 123 1.00
110 NV-18 373.65 1.08 0.77
111 VR-3 302.48 1.18 0.79
112 R-1 315.82 1.79 0.89
113 Al-A 311.38 0.63 0.74
114 AlB 366.98 0.74 0.85
115 A2-B 329.17 0.54 0.61
116 M-1 213.51 1.28 0.64
117 M-2 346.96 2.25 1.28
118 M-3 324.72 1.92 1.01
119 M-4 177.93 1.08 0.55
120 MR- 317.16 1.92 0.89
121 MR-2 244,65 1.41 0.72
122 MR-3 318.05 2.14 1.18
123 MR-4 244.65 1.39 0.69
124 VRR-1 329.17 1.38 0.84
125 MS-1 274.46 1.56 0.73
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126 | Benjamin MS-2 1.93 0.83
127 MS-2-2 358.53 1.97 0.89
128 MS-5 380.32 127 0.56
129 SP-1A 177.93 1.17 0.80
130 SD-1B 177.93 1.17 0.80
131 SD-1C 160.14 1.03 0.72
132 Gallerly A-8 273.57 1.51 1.19
133 A4 318.05 1.14 1.24
134 B-8 226.86 1.31 1.02
135 B-4 284.69 1.01 1.09
136 C-8 191.27 1.08 0.89
137 C-4 244 .65 0.87 0.95
138 | Kabeyasawa, W08 1670 1.69 1.17
139 Hiraishi W12 1719 1.57 1.0
140 1997 No. 1 1101 221 .73
141 No. 2 1255 2.00 1.61
i42 No. 3 1379 1.78 1.48
143 No. 5 1159 1.44 1.34
144 No. 6 1412 1.09 0.97
145 No. 7 1499 1.30 1.16
146 No. 8 1639 1.07 0.91
mean 1.28+0.76 % 0.93+0.43%
std-dev 047 0.30
C.v. 36.63 % 3238%

(Kabeyasawa and Hiraishi 1998; Wood 1990)
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A10. Cyclically loaded walis

3400

Kabeyasawa & NWI 200 200 80 1300 2
Hiraishi, 1998
Ogata & Kabeyasawa, K4 200 200 80 2000 0.75 1500
1985

Barda et al., 1977 B3-2 610 102 102 1905 0.50 953
Be6-4 610 102 102 1905 0.50 953
B7-5 610 102 102 1903 0.25 476
Bg-5 610 102 102 1905 1.00 1903
Qesterle et al., 1980 Bl 305 303 102 1903 2.4 4572
B2 305 305 102 1905 2.4 4572
B3 305 305 102 1905 2.4 4572
BS 305 305 102 1905 2.4 4572

Kabeyasawa & NWI 10.9 87.6 2.14 0.53 0.53
Hiraishi, 1998
Ogata & Kabeyasawa, K4 93 20.6 1.43 0.8 0.3
1985
Barda etal., 1977 B3-2 0.3 27.0 4.17 0.5 0.5
Bo-4 0.3 21.2 417 0.25 0.5
B7-5 02 25.7 4.17 0.5 0.5
BS8.5 0.4 23.4 4.17 0.5 0.5
Oesterle et al,, 1980 Bl 0.0 53.0 1.1 0.28 0.3
B2 0.0 53.6 3.67 0.28 0.625
B3 0.0 473 1.1 0.28 03
B5 0.0 453 3.67 0.28 0.625
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Kabeyasawa & Nw1 776 1001 1G0T 0.06
Hiraishi, 1998

Ogata & Kabeyasawa, K4 392 395 395 0.15

1985

Barda et al., 1977 B3-2 414 545 513 0.10

B6-4 529 496 486 0.06

B7-5 539 531 501 0.10

B8-5 489 527 496 0.11

Oesterle et al., 1980 Bl 4495 520.5 320.5 0.03

B2 410 5323 532.3 0.03

B3 438 478.5 478.5 0.03

BS 444 502 502 0.03

Kabeyasawa & NWi 0.003 760 0.020 1062
Hiraishi, 1998

Ogata & Kabeyasawa, K4 n/a 508 0.011 508

1985

Barda et al,, 1977 B3-2 n/a n/a 0.006 1176

B6-4 n/a n/a 0.006 915

B7-5 n/a n/a 0.009 1209

B8-5 n/a n/a 0.006 939

Oesterle et al., 1980 B} 0.003 201 0.028 271

B2 0.003 533 0.022 680

B3 0.003 201 (.039 276

B3 0.004 493 0.028 762
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Kabeyasawa & NwI

Hiraishi, 1998 4.32E-06 | 0.005 0.001 0.000 0.006
Ogata & Kabevasawa, K4

1983 1.66E-06 | 0.001 0.001 0.000 0.002
Barda et al., 1977 B3-2 2.47E-06 | 0.001 0.001 0.001 0.002
B6-4 3.16E-06 | 0.001 0.001 0.001 0.003
B7-5 322E-06 | 0.001 0.001 0.002 0.004
B§-5 2.92E-06 | 0.002 0.001 0.001 0.004
Oesterle et al., 1980 Bl 1.44E-06 | 0.002 0.000 0.000 0.003
B2 1.83E-06 | 0.003 0.000 0.000 0.003
B3 1.41E-06 | 0.002 0.000 0.000 0.002
B5 1.99E-06 | 0.003 0.000 0.000 0.004

Kabeyasawa & NW1 2467787 726 581 4.40 0.04
Hiraishi, 1998

Ogata & Kabeyasawa, K4 820892 547 438 2.57 0.08

1985

Barda et al., 1977 B3-2 2479724 | 2603 2083 2.52 0.08

B6-4 2816202 | 2957 2365 3.06 0.06

B7-5 3085598 | 6479 5183 2.48 0.08

B8-5 6704007 | 3519 2815 2.38 0.08

Oesterle et al.,, 1980 B1 1044792 229 183 341 0.06

B2 2838904 621 497 3.40 0.06

B3 1008773 221 177 3.40 0.06

B3 3050217 667 534 3.36 0.06
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142

Kabeyasawa & NwW1 590 131 68 931
Hiraishi, 1998

Ogata & Kabeyasawa, K4 200 320 89 51 660

1985

Barda etal., 1977 B3-2 128 513 186 39 866

B6-4 123 234 172 35 564

B7-5 62 1060 183 11 1256

B8-5 246 248 177 44 716

Oesterle et al., 1980 Bl 294 73 216 172 755

B2 626 75 285 155 1140

B3 270 67 208 159 704

B3 590 71 269 135 1065

Kabeyasawa &
Hiraishi, 1998 .52 0.00 374
Ogata & Kabeyasawa, K4

1685 0.69 0.44 419

Barda et al., 1977 B3-2 0.63 0.56 718
B6-4 0.92 0.16 363
B7-5 .90 0.34 1019

B8-5 0.92 0.60 589

Oesterle et al., 1980 Bl 0.80 0.00 293
B2 0.83 0.060 584

B3 0.74 0.00 250

BS 0.80 0.00 528

(Barda et al. 1977; Kabeyasawa and Hiraishi 1998; Oesterle et al. 1980; Oesterle et

al. 1976; Ogata and Kabeyasawa 1985)
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