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Abstract
Failure assessment of buildings were typically done at the onset
failure. Onset failure is defined as the set of damages acquired
from an initially closed structure that is subjected to severe wind.
Studies that considered progressive failure approximates the
pressure on the damaged panels as an average of the internal and
external pressures. This study investigates the difference in the
amount of damage incurred at the onset and the case wherein the
damaged building was continuously subjected to a sustained wind
speed. Results show that for a 1-story gable-roof building, a
substantial deviation on the damage ratio ranging from 1.1% to
6.4% occurs between 30 m/s to 60 m/s.
Introduction
Building failure assessment was conducted by employing a
component-based approach in reliability modelling. The failure
probabilities were estimated at each identified critical building
components by quantifying its probabilistic resistance capacities
and subjecting it to increasing deterministic wind speeds.
Vulnerability curves are commonly used as a measure of the total
performance of a building across various hazard intensities. The
abscissa of a vulnerability curve describes the hazard intensity
while its ordinate gives the amount of damage. This study made
use of the same measure to quantify the damage incurred across
increasing wind speeds. The quantity used to represent the hazard
intensity is the local wind speed, while that of the amount of
damage is the damage ratio.
Damage ratio is the ratio of the repair cost to the construction cost.
This study made use of the cost as the unifying unit to be able to
aggregate the amount of damage incurred by various building
components into one quantity that represents the total damage of a
building.

Figure 1.Commonly observed damages in buildings during the postYolanda survey.

Roof-truss-to-column connections were typically made of
extended longitudinal rebars wrapped around the truss, hence the
corresponding failure mode observed in the field is the unbending
of the rebars.
Purlins were welded on angle bars that were welded on the truss.
Hence the failure mode for the purlin connection is the failure of
the weld connection.
Purlin section failure was defined when the fiber yield stress of
248 MPa, which was based from the nominal capacity, was
exceeded by the maximum fiber stress from the unsymmetric
biaxial bending of the purlin section.
Lastly, failure of the window panel was defined when the local
pressure on the window panel exceeds the estimate load resistance.
Resistance capacities of the various identified failure modes were
quantified which were based on either material test, existing
literature or their nominal design strengths. These are summarized
in the table below.

Methodology

Building Elements

Mean

C.O.V

Distribution

The study started with identifying the critical building components
where failure is evaluated and their corresponding failure modes.
The critical components identified include the roof cover, rooftruss-to-column connections, purlin connections, purlin sections
and the window panels.

Unbending of rebars

12.28 kN

0.63

Lognormal

Purlin Section

248 MPa

-

Deterministic

Purlin Connection

232.25 kN

0.063

Lognormal

Tek Screw : Pull-Out

538.7 N

0.1

Lognormal

Tek Screw : Pull-Thru

1467.8 N

0.09

Lognormal

Window Panel

2.5 kPa

0.2

Gaussian

The failure modes associated with the roof cover include the pullout and pull-thru capacity of the roof fastener. The pull-out failure
mode is the failure of the connection between the roof fastener and
the purlin, while the pull-thru failure mode is the failure of the
connection between the roof fastener and the roof cover due to
tearing of the roof cover.

Table 1. Summary of resistance capacities.

A wind tunnel test was conducted for the same building of interest.
However the damage cases considered were limited to the removal
of the window panels. Moreover, pressure measurements were
available for one of the exterior rooms of the building as shown in

Figure 2. For these reasons, a numerical modelling was
necessitated.

the simulation results are in good agreement with the wind tunnel
test results and hence the CFD model is sufficient for the purpose
of this study.

Figure 2. Wind tunnel test set-up.

The numerical modelling employed the computational fluid
dynamics to estimate the fluid flow around the building. This was
implemented with the use of ANSYS.
The building was modelled in full-scale wherein the enclosure
dimensions used were patterned after the dimensions of the test
section. A global fine mesh with curvature and proximity
refinement was implemented with local sizing of 0.1 m maximum
mesh size applied on all the building surfaces and a local inflation
layers of 15 layers on all the building surfaces and the ground.

Figure 3. Mesh parameters used in the numerical modelling.

The experimentally developed velocity profile was assigned at the
inlet with a turbulence intensity of 10 %. A zero reference average
static pressure with 5% pressure blend was assigned at the outlet.
The side walls and the top wall of the enclosure were assigned with
free-slip wall while the ground and the building surfaces were
assigned with a no-slip wall.
The fluid used was an isothermal air following the ideal gas at 25
0
C. The turbulence model used was the Shear Stress Transport
Model (SST) employing the Reynold’s Averaged Navier-Stokes
equations for the numerical method with a convergence criteria of
1 × 10−4 residual of the root-mean-squares.
The results of the numerical model were compared with the wind
tunnel test results for cases with no openings, front side windows
were opened and all windows were opened. Sample charts plotting
the values of the pressure coefficients (Cp) against every pressure
tap for the case having no openings and for wind directions 00, 300,
and 900 are shown in figure 4. The plot of the results from the
simulation and the wind tunnel test were superimposed for
validation of the model. From these charts, it was concluded that

a)

b)

c)

Figure 4. Superimposed plots of the pressure coefficient values against
pressure tap ID for the case without openings and for wind directions a) 0 0,
b)300, and c) 900 of the results of the simulation and the wind tunnel test.

After validating the numerical model, the same set of modelling
parameters were used to approximate the pressure distribution for
partially damaged geometries.

Failure Assessment
The flowchart used in the failure assessment is shown in figure 5.
Using the information on the building configuration and
dimensions, the critical building components were discretised into
building elements. Moreover, linkages across various building
components were also generated.

incorporated into the process. The cost ratio of the various building
components with respect to the cost of the entire building were
multiplied with the damage probabilities of the corresponding
building components and the summation of which represents the
damage ratio of the entire building.
Results and Discussion
The graph in figure 7 shows the superimposed plots of the onset
and the final vulnerability curves with the observed damage on
similar structure of interest during the typhoon Niña.
The data points from both the simulation and the observed damage
were fitted with a modified lognormal cumulative distribution
function, which is described in the following equation.
𝛷(

𝑙𝑛(𝑥 − 𝑥𝑚𝑖𝑛 ) − 𝜇
𝐶𝑟&𝑤
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Where,
x - wind speed (m/s)
xmin - min. considered wind speed (20 m/s)
Cr&w
– ratio of the cost of the entire roof and window system to the
CC
building construction cost. (19.58%).
μ - median parameter
σ – standard deviation parameter
Figure 5. Flowchart of the failure assessment.

Linkages were necessitated since the failure of some components
were affected by the failure of other components. This is
prominently seen at the roof system, wherein the failure of the
overlying components was affected by the failure of the underlying
components. Hence, this study sets the direction of the failure
propagation to be proliferating upward as illustrated in figure 6.

Figure 7. Superimposed vulnerability curves of the onset, final and
observed damage.

The curve-fitting parameters are summarized in table 2.
Curve

𝜇 (m/s)

𝜎 (m/s)

Figure 6. Failure propagation.

Resistance values are then randomly generated at the discretised
building elements using the quantified probabilistic parameters of
the resistance capacities.
Using the results of the numerical model of the fluid flow around
the building envelope, the load at the building elements were
computed by transmitting the pressure into equivalent forces at the
building elements. The roof system is modelled as frame elements
and is loaded with concentrated forces at the locations of the roof
fasteners. The concentrated forces represent the equivalent forces
of the pressure on the roof panel.
With the resistance values and the corresponding forces quantified
at the building elements, the evaluation of the failure then ensues.
Failure is defined when the resistance capacity is exceeded by the
estimated load.
The result of the failure assessment are damage probabilities at the
building component level. In order to aggregate these damage
probabilities into one quantity that will represent the total amount
of damage for the entire building, cost factors were quantified and

Observed

38.47

0.90

Onset

44.70

0.71

Progressive

29.96

1.20

Table 2. Curve-fit parameters for the various vulnerability curves.
The graph shows significant deviation on the damage ratios for
wind speeds ranging from 30 m/s to 60 m/s. The deviations on

the damage ratios are summarized in table 3.
Wind Speed
30 m/s
40 m/s
50 m/s
60 m/s

DR dev.
2.10%
6.40%
4.00%
1.10%

Wind Speed
70 m/s
80 m/s
90 m/s
100 m/s

DR dev.
0.40%
0.30%
0.40%
0.60%

Table

3. Damage ratio deviations between onset and progressive
vulnerability curves across wind speeds.

The T-test results show that both onset and final vulnerability
curves can be used to represent the observed damage with the final
vulnerability curve offering the closest approximate. Using the

onset vulnerability curve tends to overestimate the damage while
the final vulnerability curve underestimates the damage.
Curve

t-Stat

P(T<=t) two-tail

t-critical two-tail

Onset
Progressive

2.48
-0.20

0.06
0.85

2.57
2.57

Table 4. Tabulated values of the t-test for onset and progressive damage
relative to the observed damage.

Conclusions
Two vulnerability curves were developed for a one-story gableroof building using the failure simulation model developed in this
study — on-set damage and progressive damage. The empirical
curve derived from observed damage data shows good agreement
with the simulation results. Moreover, it shows that considering
on-set damage only over-estimates the strength of the structure
while considering progressive damage in the simulation underestimates its strength.
Between the two simulated vulnerability curves, the one that
resulted from considering progressive damage gives the closest
estimate of the damage.
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