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Abstract. Reinforced concrete (RC) buildings represent the dominant type of construction in
several earthquake prone countries and in the rest of the world. These structures are usually
characterized by the presence of partition walls commonly made of unreinforced masonry
bricks infill. To reduce the computational effort required to derive fragility functions, numer-
ous researchers have attempted to use simplified assumptions, such as, the use of default val-
ues to model structural characteristics-related parameters (i.e., mechanical properties,
geometric configuration, and dimensions), ignoring the contribution of infills in the seismic
response by modelling infilled RC building as bare frame,...etc.,. However, such simplifica-
tions may highly decrease the reliability and accuracy of the obtained results introducing im-
portant epistemic uncertainty in the fragility function construction process. This paper
investigates the different aspects of uncertainties resulting in adopting simplification in struc-
tural and mathematical modelling, and the resulting fragility curves. In the first section, the
paper presents the results of sensitivity analysis that has been conducted examining the influ-
ence of the variation in structural characteristics-related parameters. The second section is
devoted to a comparative analysis of different fragility curves developed with and without
considering the contribution of infill panels (i.e. influence of numerical model completeness).
The present study was conducted within the framework of the research project “Global Vul-
nerability Estimation Methods” funded by the Global Earthquake Model (GEM) foundation.
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1 INTRODUCTION

In order to reduce the calculation efforts, many researchers have attempted to use simpli-
fied assumptions in seismic vulnerability studies [28]. Indeed, it has been widely observed in
literature [55, 31] that default nonlinear properties values (e.g. a default value of concrete
strength, or steel strength, or an estimate of transverse reinforcement spacing...etc.), provided
in existing guidelines/codes and implemented in commonly used structural programs, are as-
signed to represent mechanical, geometric configuration, and dimension characteristics. Usu-
ally, this is due either to lack of information, especially, for the case of older structures where
design documents are generally not available, or to expedience.

Moreover, fragility curves of buildings located anywhere in the world have been generated
using, for instance, HAZUS capacity curves derived for buildings in the US [36, 60]. This is
particularly common when studies are conducted for large portions of the building stock and
resources for direct survey and data acquisition are modest. Typically, differences in construc-
tion techniques and detailing between different countries are significant, even when buildings
are nominally designed to the same code clauses. Furthermore, regarding the numerical mod-
elling extensive literature review has shown that often vulnerability functions for infilled RC
buildings are generated from analysis of bare frames structures [26, 32]. As a consequence,
such assumptions and simplifications may highly decrease the reliability and accuracy of the
obtained results due to the increase of epistemic uncertainty in modelling.

Apart from Liel et al (2008) very few studies have consistently analyzed the effect of the
variability of several structural characteristics or of the simplified modelling assumptions on
the generated fragility curves, with the scope of estimating the level of uncertainties that
should be taken into account. In general practice, the aleatoric uncertainties associated to the
structural characteristics-related parameters are accounted for by considering the probabilistic
variability in their values [6, 8, 27, 29, 47, 50, 53, 54, 59]. In some others vulnerability studies
[12, 13, 14, 33] the effect of dispersion in structural characteristics-related parameters were
accounted for by survey of a large number of existing buildings and definition of a median
and standard deviation of the sample of buildings, after calculation of the capacity and dam-
age threshold for each building in the sample.

This paper presents the result of investigation on the sensitivity of fragility functions to
variation in structural characteristics-related parameters’ values and to numerical modelling
completeness. The classes of structures considered are low-ductility RC buildings designed
according to earlier seismic codes, and which are in general characterized by poor quality of
materials, workmanship and detailing. To best identify the expected mean and range for the
various parameter analysed a real frame in Turkey, is the reference prototype, however the
methodology and results obtained are applicable to other typologies and locations, once the
basic data is available. The sensitivity study is based on 3D nonlinear adaptive pushover anal-
ysis. The observations of the influence of variability of the selected parameters are conducted
in terms of deformation capacity, considering different damage thresholds. The effect of mod-
el completeness is investigated by performing a comparative analysis of fragility curves de-
rived with and without considering the contribution of masonry infill panels.

2 ADOPTED PROCEDURE

2.1 Selected capacity-related parameters

With regards to the effort by Liel and Deierlein [35], which has been also considered in the
ATC-63 [3], the sensitivity study was conducted by considering height and framing system as
variable parameters. In the present study, the investigated structural characteristics-related
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parameters are those associated to mechanical characteristics, dimension characteristics, and
geometrical characteristics, as shown by Table 1. The mechanical characteristics parameters
that have been considered are: compressive strength of concrete, yield strength of reinforce-
ment, and strength of infill walls (in terms of compressive strength and thickness). Floor-to-
floor story height was selected as dimensional parameter. In terms of geometrical characteris-
tics, the examined associated parameter is transverse reinforcement spacing. The complete-
ness of model is also taken into account by considering the effect of the contribution of infill
walls. The structural characteristics-related parameters that have been considered are those
associated to mechanical properties, geometric configuration, and structural details: compres-
sive strength of concrete, yield strength of reinforcement, strength of infill walls (in terms of
compressive strength and thickness), story height, and transverse reinforcement spacing. The
reason for the choice of these parameters is to fill the gap regarding the availability of details
on their effects with regard to the expected uncertainties that might result in deriving fragility
functions. The choice of expected mean and range for each parameter, as shown in Table 1, is
based on the results of structural characteristics assessment [7, 9], post-earthquakes surveys
[18, 19, 21], on the requirement from different versions of earlier seismic codes, e.g. TS500
[58], and other references [22, 25, 30].

Parameters Mean
Value Range of Value

Strength of reinforced concrete (fc) 17 MPa 14MPa ~ 20MPa
Tensile strength of steel (fy) 260 MPa 200MPa ~ 320MPa
Transverse reinforcement spacing (S) 200 mm 150mm ~ 250mm
floor-to-floor Story height (h) 2.8 MPa 2.5m ~ 3.2m
Thickness of infill walls (tw) 16 cm 13cm ~ 19cm
Compressive strength of infill walls (fw) 1.25 MPa 1.0MPa ~ 1.5MPa

Table 1: Expected mean and range of value for the structural characteristics-related parameters

2.2 Selected analysis type and numerical modelling

The accuracy of any selected procedure for the sensitivity analyses might depends on the
type of the selected analysis approach, and the adopted mathematical model that must be con-
sistent with the chosen numerical procedure. Different approaches, varying from nonlinear
static to nonlinear dynamic analyses, might be used to conduct a sensitivity study, and esti-
mate the performance of the structure. The sensitivity analyses conducted by Liel and Deier-
lein [35] were based on the implementation of Incremental Dynamic Analysis [61], using 2-D
bare frame structures as numerical model.

Analysis type

In the present study, the sensitivity analyses have been based on the implementation of
Adaptive Pushover Analysis, using 3-D bare frames and infilled frames structures as numeri-
cal models. One of the advantages in using this type of analysis is its relative simplicity in
evaluating the response of inelastic structures, and can provide reasonable estimates of vul-
nerability functions and fragility curves. Furthermore, when using this type of analysis the
variation in the structural stiffness at different deformation levels, and consequently the sys-
tem degradation can be better accounted for [44].
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Model
Concrete Com-

pressive Strength
[MPa]

Steel Yield
Strength [MPa]

Transverse
Reinforcement
Spacing [mm]

Story
height [m]

Compressive
Strength of
Infill [MPa]

Thickness of
Infill Panel

[cm]
In

fil
le

d
Fr

am
e

St
ru

ct
ur

es

M-01 14 260 200 2.8 16 1.25
M-02 15 260 200 2.8 16 1.25
M-03 16 260 200 2.8 16 1.25
M-04 17 260 200 2.8 16 1.25
M-05 18 260 200 2.8 16 1.25
M-06 19 260 200 2.8 16 1.25
M-07 20 260 200 2.8 16 1.25
M-08 17 200 200 2.8 16 1.25
M-09 17 220 200 2.8 16 1.25
M-10 17 240 200 2.8 16 1.25
M-11 17 280 200 2.8 16 1.25
M-12 17 300 200 2.8 16 1.25
M-13 17 320 200 2.8 16 1.25
M-14 17 260 150 2.8 16 1.25
M-15 17 260 175 2.8 16 1.25
M-16 17 260 225 2.8 16 1.25
M-17 17 260 250 2.8 16 1.25
M-18 17 260 200 2.5 16 1.25
M-19 17 260 200 3.2 16 1.25
M-39 17 260 200 2.8 13 1.25
M-40 17 260 200 2.8 19 1.25
M-41 17 260 200 2.8 16 1.00
M-42 17 260 200 2.8 16 1.50

B
ar

e
Fr

am
e

St
ru

ct
ur

e

M-20 14 260 200 2.8 --- ---
M-21 15 260 200 2.8 --- ---
M-22 16 260 200 2.8 --- ---
M-23 17 260 200 2.8 --- ---
M-24 18 260 200 2.8 --- ---
M-25 19 260 200 2.8 --- ---
M-26 20 260 200 2.8 --- ---
M-27 17 200 200 2.8 --- ---
M-28 17 220 200 2.8 --- ---
M-29 17 240 200 2.8 --- ---
M-30 17 280 200 2.8 --- ---
M-31 17 300 200 2.8 --- ---
M-32 17 320 200 2.8 --- ---
M-33 17 260 150 2.8 --- ---
M-34 17 260 175 2.8 --- ---
M-35 17 260 225 2.8 --- ---
M-36 17 260 250 2.8 --- ---
M-37 17 260 200 2.5 --- ---
M-38 16 220 100 3.2 --- ---

Table 2: Infilled and Bare frames structures considered for the sensitivity analysis

Numerical modelling

A reinforced concrete member can be modeled with three constitutive material models: un-
confined concrete (corresponding to the cover), confined concrete (corresponding to the core
concrete) and reinforcing steel. Fiber-based structural modelling, which allows to discretize
the cross section of the member to account for the different behaviour of cover and core con-
crete and steel, was adopted to model reinforced concrete members. By modelling separately
the three constitutive material and their distribution over the cross-section the progression of
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nonlinear phenomena in the concrete member are more accurately simulated and hence one
can capture more accurately response effects on such elements.

Figure 1: Equivalent diagonal strut representation of an infill panel

For infill panels, the buildings were modeled considering 50% of masonry infills [46]. Di-
agonal strut model, which has been the most frequently used by researchers and adopted in
many documents and guidelines [1, 10, 40, 43], was implemented in this study (Figure 1).
Each infill panel is simulated with a pair of compression struts. The equivalent strut “a” is
computed using the formula based on the work of Mainstone and Weeks [39] and Mainstone
[38]:

ܽ ൌ ͲǤͳ͹ͷ൫ߣூ ℎ௖௢௟൯
ି଴Ǥସ

୧୬୤ݎ ǡߣ����ூ = ቈ
ா೘ ௧೔೙೑௦௜௡ଶఏ

ସா೑ ூ೎೚೗௛೔೙೑
቉

భ

ర

(1)

Global threshold damage states

With regard to the global threshold damage states, three global limit states: Slight Damage,
Moderate Damage, and Near Collapse have been estimated from the analysis as a progression
of local damage through several structural and non-structural elements. This is done by calcu-
lating for each element geometry and material characteristics, the ultimate concrete compres-
sive strain [48], considering also the limit of curvature corresponding to the condition of
yielding curvature and ultimate curvature, as indicated in Eurocode-8 [20] and FEMA-356 [2].

Figure 2: Resulted adaptive pushover curves for infilled frame and bare frame structures.

2.3 Selected models

Forty-two 3-D models, infilled frames and bare frames structures, were analyzed as shown
in Table 2. For the considered structural characteristics-related parameters, the values were
changed slightly representing the range the most probable for the case of existing low-
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ductility buildings constructed with respect to earlier seismic codes. The influence of these
variations in the parameters’ values has been observed in terms of deformation capacity for
different damage conditions, obtained from adaptive pushover analysis. The response of each
frame in terms of capacity curve is shown in Figure 2.

3 EFFECT OF STRUCTURAL CHARACTERISTICS-RELATED PARAMETERS

Figure 3 shows the influence of the variation in the structural characteristics-related pa-
rameters’ values on the structure response, for different damage condition in terms of roof
drift. Table 3 summarizes the level of sensitivity of the response to the change for each pa-
rameter in terms of Coefficient of Variation (CV), defined as ratio of standard deviation by
mean value, and the percentage of difference (Diff) in deformation capacity for different
damage condition.

The result of sensitivity analysis has shown that structural characteristics-related parame-
ters are found to have a significant effect on the structural response, for different damage con-
dition. Indeed, at the highest level of damage a remarkable variation (CV reaches a value up
to 38%) in terms of deformation capacity (roof drift) has been observed even for a modest
variation (CV = 12.7%) in compressive strength of concrete, as seen in Figure 3a (see Table
3); however, no difference in structure response has been found at the lowest level of damage,
i.e. Slight Damage.

For tensile strength of steel, the effect has been found to be pretty different comparing to
the compressive strength (Figure 3b). The effect is almost insignificant. For a CV= 16.1% of
tensile strength, the CV in deformation capacity increase very slight-ly from Slight Damage to
Moderate Damage and attained a value of only 9.2%, and then decrease to 7% at near collapse.

Figure 3: Sensitivity of the structure response to the variation in structural characteristics-related parameters’
values. (a) Variation in compressive strength of concrete. (b) Variation in tensile strength of steel. (c) Variation
in transverse reinforcement spacing. (d) Variation in storey height. (e) Variation in thickness of infill wall. (f)

Variation in compressive strength of infill wall.

(a) (b) (c)

(d) (e) (f)
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Parameters Parameters’ values Slight Damage Moderate Damage Near Collapse

Range of Value CV
[%]

CV
[%]

Diff.
[%]

CV
[%]

Diff.
[%]

CV
[%]

Diff.
[%]

Strength of reinforced concrete 14MPa ~ 20MPa 12.71 4.13 11.11 37.47 197.56 32.28 139.08
Tensile strength of steel 200MPa ~ 320MPa 16.62 6.24 12.50 9.22 30.80 7.12 22.27
Transverse reinforcement spacing 150mm ~ 250mm 19.76 0.00 0.00 17.01 48.39 13.24 39.50
floor-to-floor Story height 2.5m ~ 3.2m 12.39 19.16 45.09 17.96 42.32 10.59 22.93
Thickness of infill walls 13cm ~ 19cm 18.75 31.49 66.67 19.85 49.23 16.65 39.68
Compressive strength of infill walls 1.0MPa ~ 1.5MPa 20.00 44.30 128.57 33.17 102.08 14.90 34.35

Table 3: Effect of the variation in the structural characteristics-related parameters’ values on the structure re-
sponse

In terms of ductility, the transverse reinforcement spacing was accounted for by adopting a
certain range of values that are with respect to the result of structural characteristics assess-
ment in existing buildings [19, 28]. Ac-cording to the result of sensitivity analysis, the struc-
tural response has been found to be moderately affected to the full range of variation in
transversal reinforcement spacing (s=150 to 250mm), as shown in Figure 3c. For a variation
of spacing CV = 19.76%, the CV in structural response attained a value of 18% and 10.6% for
Moderate damage and near collapse, respectively. At Slight Damage level, no difference was
observed in the structural response.

Floor-to-floor story height also shows a moderate effect on the seismic performance of the
structure (see Figure 3d). The full range of variation CV = 12.4% leads to a remarkable dif-
ference in the de-formation capacity at different damage condition (CV in deformation ca-
pacity reaches value from 10.6 to 19.2%).

The effect of variation in the characteristics of in-fill walls was examined in terms of com-
pressive strength and the thickness of infill walls. The sensitivity analysis was conducted for
values range from 13cm to 19cm for thickness and 1.0MPa to 1.5MPa for compressive
strength and of masonry infill walls, as shown in Figures 3e and 3f, respectively. According to
the result of analyses, the two parameters have shown significance effect on the structure per-
formance, at Slight to Moderate Damage condition. For the full range of variation of the
thickness of infill walls, 18.75%, the structure response has been found to be CV=31.5% at
Slight Damage and decrease to 19.85% at Moderate Damage. For CV=20% in the compres-
sive strength of infill walls, the variation in structure response has been found to be CV=44.3%
at Slight Damage and decrease to 33.2% at Moderate Damage. Both parameters show a sig-
nificantly reduced effect on the structural response at Near Collapse. The variation in struc-
ture response has been found to be CV=16.65% for the full range of variation of compressive
strength and 14.9% for the full range of variation of thickness of infills. This can be explained
by the fact that the damage in infills in general occur at the early stage comparing to the RC
members (see Figure 2, softening branch of the curve); hence, the infills will start to have less
effect with the increase of damage.

Taking into consideration the class of buildings used in the analyses (which is low-ductility
buildings characterized by poor quality of materials, workmanship and detailing), the different
results shown above clearly reveal the significant effect that structural characteristics-related
parameters variation might have on estimating structural response. It is to note that in the lit-
erature there have been some re-searchers who believe that the uncertainty in structural char-
acteristics-related parameter such as mechanical properties, for instance, might be considered
as not important as much as the uncertainty in the seismic record [45].
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4 EFFECT OF NUMERICAL MODEL COMPLETNESS

Aiming to investigate the effect of numerical model completeness, a comparative analysis
is performed between the two types of modelling frames systems, infilled frame with bare
frame systems (Figure 4). For the same structural characteristics configuration, the infilled
frame and bare frame models lead to a remarkable difference in estimating/capturing the re-
sponse of the building (bias in deformation capacity), as shown in the Figure 4, and in Table 4.
By considering the entire structural characteristics con-figuration, the computed mean value
of deformation capacities from bare frame models has been found to be 6 times greater than
the one calculated from in-filled frame models, at Slight Damage level. At the Moderate
Damage level, the difference in the structural response between infilled frame and bare frame
structures is also observed. The resulted mean value from bare frame models is found to be
2.2 times greater than the value from infilled frame models. For Near Collapse, this factor, in
terms of mean value, is estimated to have a value of 1.8.

Figure 4: Comparison between the use of infilled frame and bare frame models for different structural charac-
teristics configuration.

Roof Drift

Slight Damage Moderate Damage Near Collapse

Mean [%] CV [%] Mean [%]
CV
[%]

Mean [%] CV [%]

Infilled Frame 0.08 8.71 0.69 24.88 1.30 20.35

Bare Frame 0.48 7.54 1.53 5.96 2.29 18.10

Factor 6 2.2 1.8

Table 4: Sensitivity of structural response to the contribution of masonry infill panels.

Regarding the above outcomes (i.e. the observed differences in deformation capacity be-
tween infilled frame and bare frame systems), it is worth to mention that modelling of infill is
also associated to many other complex parameters that can be a source of significant uncer-
tainty, such as, reduced strut width, strain at maximum stress, ultimate strain [41]. These pa-
rameters are in general calibrated directly from experiment. On the other hand, it should be
recalled that in this study the masonry infills were modeled using equivalent diagonal strut
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model which is belonging to the macro model approach. In general, models from this ap-
proach are considered as simple, involving relatively modest calculations effort and compu-
ting time. However, there also numerous models which have been proposed in the literature
and which are classified as belonging to the micro model approach. Models from this later
approach are based on a finite element representation [24, 51, 52].

In order to derive fragility curves, the transformation of adaptive pushovers curves, defined
in terms of base shear vs. top displacement, into capacity curves, defined in terms of pseudo
spectral acceleration vs. spectral displacement, was carried out using the standard approach
documented in many codes of practice, e.g. ATC-40 [4]; HAZUS-MH MR3 [23]. Fragility
curves have been derived by selecting thirteen (13) infilled frame models, and thirteen (13)
bare frame models (see Figure 4 for the selected models). Assuming a lognormal distribution
(common assumption in seismic studies), fragility curves are defined as the conditional prob-
ability of being in or exceeding, a particular damage state dsi, given the spectral displacement,
Sd:

ܲൣ݀ ൒ݏ ௜ݏ݀ ȁܵ ௗ ൧ൌ ߔ� ቎
ଵ

ఉ
೏ೞ೔

݈݊ ቌ
ௌ೏

ௌ
೏ǡ೏ೞ೔

ቍ቏ (3)

where,
ௗܵǡௗ௦೔

is the median value of spectral displacement at which the building reaches the

threshold of damage state ௜ݏ݀ ; ߚ
ௗ௦೔

is the standard deviation of the natural logarithm of spec-

tral displacement for damage state ௜ݏ݀ ; ߔ is the standard normal cumulative distribution
function.

Using the aforementioned procedure, Figure 5 shows the fragility curves that have been de-
rived for each system, i.e., infilled frame and bare frame structures. Each fragility curve is de-
fined by a median value of spectral displacement that corresponds to the threshold of that
damage state, and by the variability (β) associated with that damage state. These two parame-
ters are estimated using the First-Order Second-Moment (FOSM) method. Detailed infor-
mation about the models can be found in D’Ayala and Meslem [63].

Figure 5: Comparisons of fragility curves of the structures with and without considering the contribution of
masonry infill walls.

It is evident form Figure 5 the role played by the inclusion or exclusion of the masonry in-
fill in the modelling. The exclusion of infills’ contribution leads to a significant bias in fragili-
ty curves. The median capacity varies by a factor of 5.8, 2.4, and 1.7 for Slight Damage,
Moderate Damage, and Near Collapse, respectively. Moreover, when the infilled RC building

Median [mm] β Median [mm] β Median [mm] β
Infilled Frames 7 0.18 55 0.38 107 0.30
Bare Frames 40 0.15 130 0.11 187 0.26
Factor 5.8 2.4 1.7

System Slight Damage Moderate Damage Near Collapse
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is modeled as bare frame structure, the resulted fragility curves show greater lateral displace-
ment capacity for all damage levels; whereas, the building is found to be more vulnerable
when the infilled frame model is used. Indeed, the result of pushover analysis has shown (ei-
ther for infilled frame or bare frame structures) that the first-storey mechanism was the most
observed, and the presence of infills leads to the occurrence of this mechanism at earlier stage
comparing to the case of bare frame structures. It should be noted that difficulties have been
encountered to predict shear failure which is still not fully understood despite much experi-
mental research and analysis. In fact, the shear column failure might have a significant effect
on the structure performance, especially for infilled building designed without considering
horizontal actions, or building with low concrete strength.

With regards to the dispersion, β, a simplification has been used in the literature in the ex-
pression of the uncertainty in the structure capacity. For instance, Kappos et al. [30] construct-
ed fragility curves by adopting value of 0.3 and 0.25 for the uncertainty in the capacity for
low and high code buildings, respectively, assuming that these values are for all damage states.
These values have been suggested by FEMA-NIBS [23]. Throughout the study by Shahzada
et al. [57] a same value of 0.3 was assigned for the uncertainty associated with the capacity
curve of buildings for all damage states, as it is proposed in Wen et al. [62]. Satter and Liel
[56] and Raghunandan et al. [49] have used a value of 0.5, which has been suggested based on
previous research work by Liel et al. [34], to account for uncertainty due to the structural
modelling, for Collapse level only. However, the results of present study have clearly shown
that the value of dispersion, β, is not the same for all damage states and that the trends from 
one state of damage to next not necessarily linear, and not systematic. For the case of building
that has been investigated in this study, the value of β is found to be bigger at the Moderate 
Damage for the case of infilled frame model (β = 0.38), while for bare frame the biggest value 
is found to be at Near Collapse (β = 0.26). On the other hand, β is found to be smaller at the 
Slight Damage for the two modelling option (β = 0.18 for infilled frame, and 0.15 for bare 
frame model).

5 CONCLUSIONS

 This present study was devoted to examine the influence in modelling the building ca-
pacity-related parameters in aim to probe the issue of their associated uncertainty in pre-
dicting the seismic performance and derivation of fragility functions.

 It was clearly observed that special care should be given when assigning values to repre-
sent the structural details, especially, material characteristics-related values. Reinforced
concrete strength-related variation values have shown a significant effect on the building
capacity, and this effect increase with the progress of damage condition.

 The comparison of fragility curves between the two modelling types, infilled and bare
frames, indicate a significant difference in predicting the seismic performance of the
building. Modelling building as bare frame structure lead to lowest risk of damage, how-
ever, the building is found to be more vulnerable if the infilled frame system is adopted.

 Trends in dispersion from one state of damage to next and from one modelling option to
next might not necessarily be linear, and monotonic.

 For the masonry infills, the two parameters considered in the sensitivity analysis are
compressive strength and thickness of infills. However, this element is also associated to
many other complex parameters that can be a source of significant uncertainty, such as,
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reduced strut width, strain at maximum stress, ultimate strain. These parameters are in
general calibrated directly from experiment.

 Difficulties that might be encountered to predict shear failure which is still not fully un-
derstood despite much experimental research and analysis.

 The sensitivity analyses was conducted for low-ductility RC buildings designed accord-
ing to earlier seismic codes and which are, in general, characterized by poor quality of
material. Hence, more investigation should be conducted for building with high compres-
sive strength in aim to analyse the sensitivity of different capacity-related parameters on
seismic performance prediction and derivation of vulnerability curves.
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