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Quality assurance in structural design

5. Engelund & R. Rackwitz

Technical University of Munich, Germany

ABSTRACT The fact that a large number of structural failures is caused by human errors committed during the
design emphasizes the necessity of an efficient and documented quality assurance This paper is
concerned with checks of the design, only. General models which can be used to deter > the occurrence and
detection probabilities of human errors are proposed. On this basis various systems
implemented in different countries and for different projects are compared optimal

total cost and operational failure probabilities

1. INTRODUCTION
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structural engineering and the fact, that a large
number of structural failures are caused by human
errors committed during the desi (see eg
Matousek and Schneider [3]), much effort is made to
develop and to execute schemes for the assurance of

"quality" of structural design. A number of differ

schemes for the quality assurance of engineer
structures are implemented in different countries and

for projects of different type

Given a complete description of the purpose,
performance and requirements, the design process
can be modeled by three phases: Concept, Design and
Check (see figure 1)
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Figure 1: The design process ;
] considered

the majority of systems
In the concept phase all necessary decisions and

assumptions, which form the basis of the specific
design task, are made. In the second phase the actual

SCHEME 1. In this system all tasks are

the same engineer. Usually certair
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required depending on the type and complexity of the
Structure to be designed. The advantage of this
system is that the engineer does not have to use time

in order to understand the problem. The efficiency of

checking, therefore, is high throughout the whole
checking process. However, the basic assumptions
and decisions are only seldom questioned once they
are made. i

SCHEME 2: No special qualifications are demanded
of the engineer who performs the initial design and
Fhe calculations, but the check has to be made Bv and
independent and experienced engineer. This esg'%neer
usua%iy has to fulfill some pre specified qualification
requirements. In this case the checker will use some
time in the beginning of the check as he is trying to
fmde.rstand the problem. Because of u:hc
independence, it is expected that the errors in the
initial assumptions and decisions are detected.

SCHEME 3: In this system the checking is performed
by & person or group of persons within the same
company, where the design was performed. The
:checidsg group, however, is organizationally
}ndependerzt from the design group. In this case there
is qﬁ‘en a kind of negative correlation between the
gcmgncr and checker, so that when the desicner is
inexperienced the checker is experienced and vice
versa. As by the second system the checker will need
some time to understand the problem before the
check becomes efficient. By this system, however,
the designer and checker are likely to share the same
experience and tradition of doing things. This reduces
the probability, that the checker detects the errors in
the assumptions and decisions.

3. VALUATION CRITERIA

A judgment and ranking of the three methods can be
made on various grounds but a fair judgement
appears possibly only by comparing the optimal
expected cost to society, E[(';] for a given structural
element, which has been dimensioned according to a
specific set of rules

EIC?] =Cﬁft’a‘“{;‘}-i{:ﬁ,“_‘c{I{;_‘: '--';r_‘_.}* Cf_‘ +

Pj‘{!;,:.ég):fg_;;-!{' J{-“ {]}
wh:crg CD((QQAQ) are the costs of the design as a
func_t:on f:f the time spent on the design, 11, and the
quahﬁcanon‘of the designer 4, CoaltosAc) are the
cost of quality assurance as a function of the time
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spent on quality assurance, 7, and the qualifications
of the checker, 4. Cf-is the cost of construction, Cy
is the cost of failure and P, is the probability of
failure. The cost of design of quality assurance are
proportional to the time spent on the tasks

4. HUMAN ERROR

Human error can be defined as violations of the
design rules, which will change the reliability.
serviceability or economy of the structure. A mo;e
exact and widely accepted definition of human error
is, that it is a noncompliance with code. or more
generally, a significant deviation from acceptable
practice. This definition excludes unforeseen events,
“acts of god", and it is in compliance with legal
practice. It further excludes gross negligence and
criminal actions. But it does not account for eITOrS in
the accepted practice, and it leaves the problem of
defining, what is acceptable practice.

The load on a structural element, S will by
assumption not be affected by human errors. The
coefficient of variation of the resistance. s
constant, which depends on the quality control of the
material. The purpose of the design process is to
determine the mean value of the resistance R so that
the probability of failure becomes "small". The effect
of the human errors can, therefore. be introduced by
the variable &, which describes the change of the
mean value of the resistance =
¥ e @)

Hg is the mean value of the resistance in case no
errors have occurred, and £ describes the effect of the
errors in the design. € is a function of the number of
errors and the magnitude of each of these errors. The
magnitude of an error, e, is defined as

o B

Hy
where (¢ is the mean value of the resistance with
the error included and Hg the mean value of the
resistance of the error-free structure

(3)

It is convenient to introduce two classes of errors:
concept and design errors. The concept and design
errors are errors, which are made in the concept and
c}esxgn phase of the design process, respectively. The
following limited number of concept errors, which
are assumed to be the most important are included in
the model

- An error in the geometry of the structure

- An error in the boundary conditions

- An error in loads or load cases

- An error in the selection of the relevant failure
mode

- An error in the selection of the structural analysis
model

It is evident, that all the tasks in the concept phase
will either be performed correctly or wrongly. Each
of these types of errors occur only once. For the
analysis of a design task it is in most cases sufficient
to include the following types of design errors

- Error in calculator calculations
- Error in table look-up
- Error in ranking

The calculations are performed in a number of steps,
each of which correspond to a mathematical
operation (multiplication, addition, ..). The
probability of making an error in each of these steps
is assumed to be roughly the same and all errors are
assumed to be independent. Then the probability that
j errors remain in the design can then be modeled by a
Poisson process

Pelj) = —exl-Apc) “

where A is the intensity, which depends on the
complexity of the design task and pp is the
probability that a calculation error remains. This
model has also been suggested by Nessim [5]. The
logarithm of the magnitude of the error is normally
distributed with mean 0 and standard deviation 2.03
(Melchers and Harrington [4]). The decision about
which table look-up errors and errors by ranking to
include in the analysis, has to be based on information
about the occurrence probability and the effect of
each of the potential errors.

5. CHECKING MODEL

The checking consists of two parts: a self checking
taking place during the design process and a detailed
checking after the design. For self checking the
model suggested by Stewart and Melchers [7] is
used. For detailed checking it is assumed that its
success depends on the complexity of the design task,
the magnitude of the error, the qualification of the

checker and the time spent in checking. Let gz{e,f)de
be the probability of an error in the (small) interval
de, when the time spent checking is 2.

qple,1) = [y (¢) P(nondetection of Eatt =1|E = e att =0)

(5)
where f; is the density of the error before checking.
It should' be noted that by assumption the error is
certain to occur. The density function of the error
after the time t spent checking is

P YRS, 00 (6
Jele) Jgzle,t)de ;

In the following the notation will be used

P(nondetection of E at 1 = t|E = e at t = 0) = Ofe, 1)

@)
Following Lind’s model [1] the rate of decrease of
this function is proportional to the probability that the
error has not yet been detected, (f(ef), and
proportional to a function A of the magnitude of the
error. According to Stewart and Melchers (7) the
efficiency of the check is not constant, and therefore
a function g(f) is introduced. g(f) describes the
efficiency of the check as a function of the
complexity of the problem and the qualifications of
the checker. The decrement of the non detection
probability is also assumed to be proportional to g().
This leads to the following equation

e :
ff—,,(;;,’i = -h(e)g()0le.!)
oe
frt ey @)
Ole,1) = c-exp{—h{e}jg( r)dr%
0 7

where ¢ = 1 because O(e,f) =1 foralleat1=0

5.1 Concept errors

The concept errors are discovered in the initial phase
of the check. where the checker is trying to
understand and reevaluate the design problem. It is
assumed that if the checker does not detect the error
in the initial phase the error will never be discovered.
The efficiency with respect to concept errors is zero
at 7= 0. It increases rapidly during the first part of the
check, reaches a maximum and then decreases to
zero. The probability that a concept error is detected
does not depend on the magnitude of the error. The
function A(e) is constant. The constant ¢an be chosen
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as unity. This implies that the distribution of the error
does not depend on the time spent in checking. If
_ﬁ.:lrt.hermore the duration of the check exceeds the
initial phase where the check for concept errors is
ma@e t}?en_ the probability that an error remains in the
design is constant. Therefore, it is only necessary to
know the probability that the error is detected

SCHE.\{E ‘I _When the check is performed by the
des&gn_cr. t is assumed that the probability. of
detecting a concept error is zero :

;CHEME 2: In case the check is performed by an
independent checker, the probability that errors in the
geometry and boundary conditions are detected is
assumed to be one. There exists a large number cn
such errors and it is unlikely that an independent
chcv;_:.ker makes the same error. The probability that
the independent checker does not detect errors in the
load cases and method is assumed to be equal to the
probability that the checker would have made these
e1Tors

S(‘HEME 3: As by scheme 2 it is assumed that errors
in the geometry and boundary conditions are Lefi_n
to be detected. If the designer and the checker w -o.“f:;i
m_the same firm, have been educated at the .
UnmivVersity or in some way share the same tra
selecting load cases and analysis method. the
probability that such errors remain is likely to be
larger than if no dependence exist e

5.2 Design errors

The probability that a desien error
depends on the magnitude of the error. It is further
assgmed that if infinite time is spent in checking the
design errors are certain to be detected. This in*.vphes
that the check for design errors cannot simply be
modeled by a detection probability for each c:ro It
1s assumed that large errors are easier detected than
smaller errors, and that the value of he) is the .sam;
for errors which result in 2 decrease as well as for
errors \fhic}? increase pg by a given factor. The last
assumption is not fully correct because errors which
reduce the reliability of the structure are probably
Fleteczed with larger probability than errors which
increase the reliability. The assumption therefore
leads 10 a conservative estimate of the failure
probability.

detected
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As the error magnitude e is defined as the change
of the mean value of the resistance of the .\n'uc(ufc
then e = 1 implies A(e) = 0. Stewart and Melchers {?i
state that /(e) only varies little with e '
possibly model is

The simplest

he) = |in(e)]” ©)
This model is valid for all three schemes of

checking, and @ does not depend on the scheme

The function g(#) describes the efficiency of the check

as a function of the time spent checking. It is evident
-~ ry £

that the efficiency depends on the checking method

w

CHEME 1: When the check is performed by the
designer the checking efficiency is assumed to be

glt)=a (10)
where a depends of the complexity of the problem
and the qualification of the checker

VSCHE.\[F_ 2: The efficiency will be small in the
Dc‘g.mﬂl:‘gg. as the checker is making an attempt to
understand the problem. Thereafter. £(7) increases to

h a constant value. It is assumed that the increase

ciency will be very small in the beginning,
neans that the derivative of g at t=0 ‘i_S
It is evident that the function depends on the
ity of the problem and the qualification of the
If the qualification of the checker is bad or
the problem very complex it can reasonal le be
ssumed that g(r) will reach the constant at a later
ume. Also its final value might be smaller than for
s‘rmp.‘lc problems or better qualifications. A simple
function which can describe the efficiency of the
check is :

=
=)

2l .'i:(:fEffa.‘*Elexp;ﬁar‘_} (11)
where a for the same level of qualification takes on
roughly the same value as by scheme 1

SCHEME 3: The checking efficiency for method 3 is
equal to the checking efficiency for scheme 2 The
fact that the checker and designer might share the
same knowledge and are prone to make the same
concept errors does not effect the checking efficiency
With respect to design errors '

6. CALCULATION OF FAILURE PROBABILITY

}'Ij!c most efficient method for the calculation of the
iatiure probability with human errors taken into

account seems to be the hazard scenario approach
formalized in [6]. A hazard scenario is a more or less
complex "scenario" of events, For example, an event
in a scenario is a given set of human errors remaining
in the design. Failure of the system due to failure in
any of the hazard scenarios is failure of a series
system, 1.e. a system which fails if any of its links fail
or in any of its hazard scenarios. Let F; denote the
failure event in scenario i, then

P" =219 U /’ (12)

vl
in which the union operation runs over all the events
{N}. Let M, be the set of errors in hazard scenario /,
then the probability of the event F; is the probability
that only the set of errors { M;} remains in the design
and failure occurs given the errors remain

P(E)= /’{.{A {.} remains) !‘( failure|{ A /‘_} remain.\)
(13)
The probability that only the errors M; remain in
the design is the probability that these errors have
occurred and not been detected multiplied with the
probability that no other errors remain, For each of
the scenarios the probability of failure has to be
calculated. This can be done by the available
reliability methods such as FORM/SORM (see e.g
Madsen, Krenk and Lind [2]). Let X be a stochastic
vector defining a reliability problem and let x be the
outcome of this vector and e; be the outcome of the
vector E;, which describes the set of errors in {A].}
The probability of failure is

] Fx(x) /g (e )dxde; (14)

g(x.e)<0

P(failure{ M, }) =

where fp (e ) is the joint density function of E;
Jx(x) is the joint density function of X and glx.e)isa
limit state function defined in such a way that
g(x,e;)) <0 corresponds to failure. We consider a
structural component where the load can be
described by the stochastic variable § and the
resistance by the stochastic variable R. A
representative limit state function for this structural
component is
g=R-§ (15)
The mean value of the resistance is determined
according to eq. (2). The effect of the errors is
introduced as

I o (16)

1M

1. EXAMPLE

For the purpose of comparing the checking schemes
the following simple example is considered. The
resistance of the structural component is log normally
distributed with mean pp = 3.158 and coefficient of
variation Vg = 0.2. The load is normally distributed
with mean 1.0 and coefficient of variation Vg=0.2.
The rehability index of the error-free structural
component is [} =4.066, which corresponds to
Py=2.89 103, The cost of failure of the error-free
structure is Cr-= 20000

In table 1 the occurrence probabilities and
magnitudes of the errors, which are inciuded in the
analysis, are given. The occurrence probabilities are
those for a designer with the qualifications of a
student. The calculation errors occur with the
intensity A = 30.0. Two load case errors are included
in the example. The smallest of these (magnitude
0.85) is very likely to occur. The other load case
error (magnitude 0.65) has a considerably lower
probability of occurrence. There is enough time
available to perform the design task with normal care,
and the design task is performed under suitable
working conditions.

v
Table 1: Probability of occurrence and magnitudes
(LN denotes the logarithmic normal distribution).

[ Error Probability | Magnitude

| Geometry | 0.025 LN(1.0:0.75) |
[ Load 1 [0.15 0.85

[ Load 2 [0.03 1 0.65
ik(“aiculsuion | 0.0136 LN(1.0:2.03)

r three different levels of qualification of both

designer and checker are considered. In table 2 the

parameters which depend on the qualification of the
checker and designer are shown. The values of pgp
and pgc, the probability of making a design and
concept error, respectively, in table 2 are the
occurrence probabilities relative to the occurrence
probabilities for a student (table 1). It is estimated
' error

that the probability of making a concept

decreases more rapidly with the experience of the
designer than the probability of making a design
error. It is assumed that 7p, the time necessary to
perform the design task with normal care, decreases
with experience of the designer, and that the cost per
unit time increases with the experience. The relative
increase of the cost per unit time, however, is judged
to be smaller than the relative decrease of the time

necessary to perform the design task. This implies
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that the cost of the design becomes smaller as the
knowledge and experience of the designer increase
The checking efficiency a is assumed to be inversely
proportional to the time #, required to perform the

As expected the optimal duration of the check
increases as the qualification of the designer
decreases. The necessary checking time when the
designer has the qualification of a student, however,

design task is only 29 % larger than when the designer is an
Toblé2: Packmctérs expert. The qualification of the
designer has relatively litt]

An/d~ N i TRIRER I t ¥ ol ; e -
( PED Pr in en=cpny - |a influence on the optimal

Student 1.0 1.0 [ 120 1.0 10075 | checking time
Normal 0.3 1 | 60 | 1.5 0.15
- ] -~ 1 -~ . . N
Expert 0.1 0.01 | 30 {20 0.30 | The qualification of the

SCHEME 1: The results for scheme 1 are given in
table 3 for all three levels of qualification of the
checker/designer

Table 3: Optimum for scheme 1

designer also seems to have little influence on the
optimal failure probability. Because the differences
between the optimal checking times and failure
probabilities are small, the differences between the
optimal cost for the three levels of qualification of the

designer are almost solely caused by

- =5 - ‘ the differences between the cost of
Designer Checker Ins ( | Py | e derite :
Student Student 29.0 217.0 QONSED e T
Normal | Normal | 12.0 L1178 0.000491 SCHEME e i3 li§

! —— | Gl NO Special qualihica-

Expert | Expert [5.5 [ 73.5 0.000159 | : £ o R
tions of either designer or checker

Because the efficiency of the check is high o 'cduired by scheme 3, but a kind of negative
throughout the R neiene optin;a] correlation between designer and checker exists. The
checking time is relatively short, about 20 - 25 % of SRS = e phaed n 5 H A vy e B

the time spent on the design. A designer/checker with
the qualification of a student is likely to make
concept errors. Therefore, the failure probabil lity at
optimum is more than 100 times larger than for the
emor-free structure. For the normal designer/checker
and the expert the failure probability at optimum is 17
and 5.6 times larger than the failure probability of the
error-free structure, respectively. This demonstrates.
at mentioned earlier, that in order to use this scheme
certain qualifications are required. Partl y because of
the low failure probability and partly because an
expert performs the design at the lowest cost the
total cost are also smallest when the desi gner Lhﬂ
is an expert and increase with decreasing qualifica
of the designer/checker

SCHEME 2: By scheme 2 the checker is always an
expert. There are, however, no special qualifications

required for the designer. The example is calculated

for all three different levels of gualification of the

designer. The results are given in table 4.

Table 4: Optimum for scheme 2

inexperienced engineer checks the calculation of the
more experienced engineer. The calculations
performed by the inexperienced engineer are checked
by an expert, who is likely to detect the errors, which
have been committed by the inexperienced engineer
with Earge probability. The following three
CO"”lbl ar of designer and checker are

Designer | Checker
Student | Expert
| Normal | Nomal |
E S -
| Expert Student
The probability of a concept error remaining in the

design de“en\,s on the degree of dependency between
the designer and checker. Three different levels of
depcndcncy are investigated

I. No aepcndency The probability that the error
remains is the product of the occurrence probabilities
for the designer and checker. The

results are given in table 6

0.0600186 2

2. Full dependency: The probability
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Designer | Checker f04 |C | P,

Student Expert | 14.2 152.1 f

Normal Expert | 12.6 118.6 0.000174 |
Expert Expert |11.0 | 87.3 | O OGOEGUﬁJ'

that the concept error remains is the
minimum value of the probability of

occurrence for the checker and designer. The results

Q

are given in table 8

3. Medium dependency: The mean value of the
probabilities for fully dependent and no dependence
The results are given in table 7

Table 6: No dependency

8, CONCLUSION

It might appear that the models selected are rather
special and the systems are not general. Sensitivity
studies not reported herein, however, showed that
the numerical results and thus the conclusions are
rather robust in their relative order
with respect to changes in the

Designer Checker |14 ( ‘ "Jf, b : :
Sttt F.xpcri | 1540 0.000180 I models. IE‘J‘ fact all numencal results
Mgl 1 ST e 1l 17130 6 . ’ L’m&,‘: '“""“‘ shnu].ci be l.n‘lcrprﬂztcd’ in terms of an
Expert | Student | : 105.9 \ 0.000297 ‘ ordeing hdw.mc rather “ thint’ by
& e absolute values. If one accepts that
Table 7: Medium dependency judgement by such ordered values is
el BN L reasonable the following main

Designer Checker 04 o T /Lﬁk,‘wj conclusions can be drawn.

Student Expert 14.2 154.1 | 0.000188

Normal Normal | 24.0 131.0 | 0.000250 The overall lowest cost are
Expert Student | 40.0 105.9 l__f_l__f}_(.ggl‘)g | obtained by using scheme 1 with an
Table 8: No dependency expert designer/checker. _In this
: case the total costs are 73.5 and the
Designer | Checker toa I'c [ P failure probability is only about 5.5
Student Expert 142 1541 [0 U__]]\'L, 1 times larger than for the error-free
Normal Normal | 24.0 [ 1314 [0.000268 |  structure. If the designer and
Expert | Student | 400 | 1060 | 0.000300 checker were both experts and

The duration of the check for concept errors and
the efficiency of the check for design errors does not
depend on the degree of dependency between
designer and checker. This implies that the optimal
duration of the check is also independent of the
degree of dependency (see tables 6-8). As the
dependency between designer and checker increases
the probability that a concept error remains increases
Thereby, the total costs and the failure probability at
optimum increase with increasing dependency (see
tables 6-8).

The probability that a concept error remains is
never larger than the probability that the best
qualified of both checker and designer would have
made the error. The designer and checker usually are
chosen in such a way that either one is well qualified
This means that the probability that a concept error
remains is small even though designer and checker
are fully dependent. This again implies that the effect
of the dependency is small. The effect of the
dependency increases with increasing cost of failure
For larger cost of failure more time will be spent in
order to detect design errors and the relative
contribution to the total failure probability from
concept errors becomes larger

independent (scheme 2) about the
same failure probability at optimum is found, but at a
larger cost. In reality not all designers and checkers
can be experts. If the designer has normal
qualifications the total cost are about the same for
scheme 1 and 2. The failure probability obtained by
using scheme 1, however, is considerably larger than
the failure probability obtained by scheme 2. Since
society is risk adverse scheme 2 is preferable to

scheme 1. If the designer has the qualifications of a
student scheme 1 leads to unacceptable high failure
probability and the overall largest cost. Also in this
case scheme 2 is preferable.

For all levels of qualification of the designer
scheme 3 leads to larger cost. Scheme 3, however,
shows that the effect of dependence between designer
and checker is small if only one has better than
normal qualification

From this example it can be concluded that for an
expert designer the optimal choice of checking is
scheme 1. For designers qualified scheme 2
offers the best alternative. This, however, cannot be a
general conclusion, because the optimum also
depends of the complexity of the design task and the
cost of failure. For more complex design tasks the
probability of making a concept error becomes larger

less
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and, thereby, the independence between the designer
and checker becomes more important. For more
complex design tasks scheme 3 presumably always is
to be preferred.

The above conclusions made on the basis of
numerical results from a simple, yet representative,
example are nevertheless conditioned in the sense
that other factors such as the educational system, the
system of professional qualification and the economic
and juridical (civil and criminal) environment play an
important role.
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