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Abstract: Since decades structural engineers have been teduta design new buildings. This is
certainly a good start of a career as a structemgineer since it is an appealing perspective & us
creativity and to support society with structureattare safe and serviceable during a long selifice
However, structures are often not built as theyighbe, which may result in malfunctioning, insaiéint
structural safety or even collapse. In such a tteseause of the problem has to be determinedckigui

as possible, in order to eliminate the risk or mamience for the users. To this aim experienced
engineers are required, who are able to come tock @ssessment based on reliable judgement. In the
past, problems with structures were mostly incideriut nowadays new tendencies are observed, like
aging of structures and their consequences, th@fuseftware without understanding its background,
and changes of the function of a structure durergise life. That means that there is a growingirfee
another profile in structural engineering: the faie engineer. The need for, and the requirements t
such a new professional profile are treated inpghjzser
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1. Introduction

An important task of the structural engineer nosyads not only to design new structures,
but as well to find solutions for existing struetsr In a number of cases there is a need for
immediate intervention, such as in the case ofldmage or even collapse of a structure. Then
it is not only important to eliminate the reasonh# structural unsafety as quickly as possible,
but as well to indicate which measures are necgssaestore the structure to such a level,
that further use is possible, respecting the regustructural safety level. An important task
for the expert involved is to give an answer onghestion who is guilty, because for restoring
a structure a financial budget is required. Thisas an easy task, since the problem mostly
involves more aspects than just a violation oftibiédding code. That means that the forensic
experts involved should have considerable expegienstructural engineering. Moreover they
should not only have knowledge on the governindding codes, but as well on their
background. In general they should able to welleustind the behaviour of a structure under
increasing load and/or deformation, and be awar¢heffact that not only the material
properties of a structure change in time, but oftlso the magnitude and configuration of the
load and the function of the structure.

2. Why structuresfail?

Analyses focusing on the reasons of structurdlifaihave been carried out already for
many decades. In a very interesting analysis ofs?a@tural failures and their causes, Blévot
in 1974 concluded that the reasons for structuadlre in concrete structures can be
subdivided as follows:
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— Errors in the structural concept: 3,5%,
— Errors in calculation hypotheses: 8,5%,
— Errors in reinforcement design or placement 92,5
— Ignorance of the effect of deformations 20,0%,
— Ignorance of time dependent effects 44,0%,
— Construction errors 15,5%,
— Chemical reactions or frost 4,0%,
— Miscellaneous 2,0%.

From this classification it is obvious that undgimating and/or not understanding the
effect of deformations, in combination with timepgadent effects, represent the utmost part
of the damage (together 64%). A substantial pathisfdamage is due to not understanding
the effect of imposed deformations: deformationsi®ep, shrinkage and temperature often
cannot freely occur, because the structural elenasna part of the structure, is connected to
other parts of the structure.

Fig. 1 shows the floor of an underground parkiagage made in reinforced concrete. The
floor has been designed for the load of the cadscamthe upward pressure of the soil water,
which can increase in winter. The floor was castimmer; the mean temperature in winter is
lower and moreover the floor is subject to shrirkderee shortening, however, is not possible
because of the heavy columns, which are conneatiedibdation blocks in the sand below the
floor. Because the design did not take accountoftening of the floor in its plane and its
restraint, large cracks through the structure aecuthrough which the soil water could easily
propagate from below.

Fig. 1. Leaking floor of a parking house due tooigng the effect of imposed deformation

Another investigation, carried out in Switzerlabgl,Matousek and Schneider in 1978 [2],
after investigating 400 cases, gave the followilagsification for the reasons of failure:
— Errors in design, calculation and planning 37%,

— Errors in construction 35%,
— Errors in design and construction 18%,
— Damage during service 5%,
— Miscellaneous 5%.

Even much more important than this classificatieas their remarkable conclusion that
.about 1/3 of all damage cases and about ¥ ofaglés with human injuries could have been
avoided, without any additional control, by nornadtlention, and adequate reaction, of the
person who is next in the chain architect, engineentractor and executor. Moreover they
stated that ,by a well-organized control system entiran 75% of all errors with material
consequences and 90% with human consequences handdeen detected in due time”.
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That this important conclusion is still actualnted out in a study focusing on structural
safety by CUR (2005). Fig 3 shows the chain ofipigants in the process from initiative to
the final structure. Many parties are involved:haect, design office, consultants, contractor
and subcontractors. The information has to be inétesd from partner to partner. If, say, there
are 12 activities and 21 communications, and althefm have a reliability of 99%, the
probability of a good result is only 110-12-21 67

Fig. 2 shows the collapse of a part of a shoppmgtre under construction (Rotterdam,
2010). When casting the third floor, the scaffotgdsystem failed. It turned out that this was
due to the absence of a significant part of thecibgs in this system, that should ensure
stability. According to Terwel (2014) an advisortb& supplier noticed this and warned, but
no amendments were introduced. The main contrasted for a final check, but this was not
carried out. According to Terwel ,The underlyingtiars of this case are a lack of technical
competencies of the assembly team, unclear redplitess regarding structures, insufficient
risk management for the temporary structure andegaate checking. No party felt respon-
sible for the quality of the supporting structures”
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Fig. 3. Chain in design and construction (CUR 2005)

The following new classification of causes forustural failure was presented by CUR
(2005). Three main levels are distinguished, alluding a number of causes for errors:
— Micro level:
« Errors by insufficient skill
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— Meso-level:
« Errors caused by inadequate organization, like:
— Unclear commitment of tasks and responsibilities,
— Insufficient interface management,
— Inappropriate communication,
— Inadequate quality of the control procedures,
— Macro-level:
« Increasing specialization,
* Pressure to work faster and cheaper,
« Increasing fragmentation by increasing delegatibtasks,
« Deficiency or reduction of general knowledge,
» Complexity of building codes,
 Lowest bid system (focus on cost instead of gyali
Fig. 4 shows the example of a series of balcownieich failed by progressive collapse
(Maastricht 2003). The balconies were supported anbne side by a steel column (Fig. 4 top
right). The forces were all transmitted to the lowelumn at the 1th floor, which was
supported by a corbel with inappropriate reinforeatrdetailing. This corbel failed in shear,
resulting in the progressive collapse of the whsalges of balconies. The first obvious cause
of failure was the inappropriate detailing of therlel and the risky support of balconies on
a single corbel. Those can be regarded as erroasnoiaro-level, but a further consideration
reveals that also on the meso- and macro levadssehave been made. The full survey is:
— Micro level:
« Errors in detailing of the corbel,
« Insufficient robustness of the structure,
— Meso level:
« Insufficient communication between designer, ¢amsion team and the producers of the
precast balcony slabs,
« Insufficient steering of the process (too mardeijpendent partners),
« Inadequate reaction on warning signs of the sireaduring construction,
» Responsibilities not clearly defined,
— Macro-level:
» Too small capacity of control authorities,
« Insufficient skill,
» Too many subcontractors.

Dos

Fig. 4. Progressive collapse of a series of bagoim a high rise building, Rotterdam 2003
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3. Important capabilities of forensic engineers
3.1. Under standing the behavior of structuresunder loads and imposed defor mations

Structures are in general designed on the basiedds of practice. Very often codes are
not fully transparent since they are a product@$mpromise at the table of a code committee.
Especially when compromises have to be made betdifenent countries, like in case of the
Eurocodes, the resulting rules do not fully reflaatational model of the physical behavior.
Furthermore the rules are simplified, so that te&gher only has to make a number of checks.
An example is the design in shear, where sheaesoate represented by shear stresses in
cross-sections, which hide the real behavior. [8odesigner knows the rules but not the truth
behind them. An illustrative example is given ig.F5, showing the collapse of a roof of
a school under construction. Fig. 5a shows a gatieobuilding under construction. Fig. 5b
shows the collapse of the auditorium roof duringfrduring construction. Fig. 5¢ shows
a cross section of the prestressed beam that sbaurlgthe auditorium roof and Fig. 5d shows
a side view of the same prestressed beam, wite laedp openings. In the construction stage
the beams are placed in parallel, so that the Idleges form a closed plane, on which in-
situ concrete is cast. Through the web openingsterse reinforcement connects the beams.
After hardening of the in-situ concrete a composief is obtained, with a large bearing
capacity. The problem however, is the situation @fter casting the in-situ concrete. In this
situation the beams have to carry the fresh comcvétich only contributes to the load and not
yet to the strength. In this situation the shegacéy of the beam is decisive. However, the
large web openings prohibit the formation of trastion, because the inclined compressive
struts cannot develop.
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Section of Beam 1 at %= 8337

Fig. 5. a) School building under construction, lnji@pse of roof for auditorium, c) Cross section of
prestressed beam, d) Side view on prestressed Withmeb openings
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3.2 Being able to deter mine the actual condition of a building by adequate measuring
the material properties

When the structural reliability of a building isder discussion, it is of importance to be
aware of the most advanced measuring techniquesja to be able to judge upon the bearing
resistance of the structure. A special case is Bhnwig. 6. The picture shows a new building
on a Caribbian island just before finalization. Hmer, the developer went bankrupt, and the
building became the property of the bank. Wherb#ak investigated the state of the building
it turned out that the builders had decided dudogstruction to build one story more than
initially planned. Moreover it turned out that thesere no drawings of the cross-sections of
the columns, so that the reinforcement in the cokinvas unknown. Finally there were no
data on the strength of the concrete.

In the first stage of the investigation concreiees were drilled from a number of columns
and beams. Those cores were used to determinéréimgth, but also to calibrate a rebound
hammer, so that this device could be used to dotimare information elsewhere in the
building. The position and the diameter of the fiaicing bars in the columns were measured
by a so-called Ferroscan (Fig. 7). The results cadrified using pictures made during
construction, showing the reinforcement of someugwis. Finally it turned out that the
structural safety was sufficient. A favourable citind was that the building had been
designed for a seismic load assuming a too higimgeiclass (the design calculations had been
made in another country where the local seismigdagquirements were more severe).

Fig. 6. Building to be investigated Fig. 7. Reirtiament in column
determined by Ferroscan

3.3 Being able to make quick and reliable decisionsin cases of potential danger

In situations in which suspect details or damage istructure are detected, the conse-
guences should be investigated as soon as poasithléecisions have to be made with regard
to further use of the structure and even evacuafiorexample of such a situation was the la
Concorde Overpass in Laval Canada in 2006. On @ @&at afternoon it was reported to the
authorities that pieces of concrete fell down fitheviaduct on the road below. The authorities
decided to send inspectors on Monday morning,stvtas too late. The bridge collapsed in
the weekend.

A situation in which a quick decision had to bketa as well was the discovery that the
reinforcement in the concrete bottom of the MaasriBliin Rotterdam was heavily corroded.
In some places the reinforcement cross sectiorredhgced to about 50%.
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The tunnel, which was at the moment of the disppeéthe corrosion about 75 years old
has an important role in the city traffic systencénnects the northern part of the city of
Rotterdam with the southern part and immediateuctosvould lead to an enormous traffic
collapse. A quick evaluation of the bearing capacit shown in Fig. 8b. It shows the
representation the bearing system by an arch noadgling the upward load at the bottom of
the slab due to water pressure to the walls. Thiskqcheck showed that, even when all
reinforcement in the top of the slab would havenbésappeared by corrosion, the bearing
mechanism still has considerable residual bearapgcity. A favorable circumstance is that
when the water level of the river Maas increases,amly the upward load at the bottom
increases, but as well the lateral support of thh,ay the increased lateral water pressure at
the walls of the tunnel (fordswin Fig. 8b). Therefore it was decided that thers wafficient
residual bearing capacity to drop the option of ediate closure and take some more time to
investigate the structural safety more in detafteAvards two independent nonlinear finite
element analyses confirmed that this decision vegs.r
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Fig. 8 a) Original design drawing of bottom slabMdas Tunnel Rotterdam, b) Simplified
representation of bearing mode based on arch-action
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3.4. Being able to deal with the effect of aging of structureson structural safety

For many decades concrete structures have begmédédgor predominantly two criteria:
structural safety and serviceability. There wereconasiderations about the service life of
structures. The observation of substantial damagmcrete structures developing in time
due to deterioration processes became however gitgdupoint of large concern. In the new
fib-Model Code for Concrete Structures 2010 designskmvice life is a central issue.
According to this principle structures are designedsatisfy the demands for safety and
serviceability for a specified period of time. Stiwres serving the infrastructure of a country,
like tunnels and bridges, are mostly designed femamaintenance service life of 100 years.
In structures like buildings and offices the funotl service life is often the governing
criterion, so that a physical service life of 50aggeis most often required. Nowadays we
dispose of considerable knowledge with regard teréation processes, and we are able to
design our new structures for service life by mglsare that we use the right materials, that
the concrete cover is sufficient and that the csasle well controlled. We dispose of adequate
quality control procedures for the material conerahd its constituents to avoid unforeseen
problems like e.g. alkali aggregate reaction.

A problem which is left, however, is that mosttbé existing structures have not been
designed based on service life considerations.atheal structural safety of those structures
is a point of concern. If the actual safety turosto be sufficient, the question is for how long
this is guaranteed. That this uncertainty is jiedifis often illustrated by unexpected and
unwanted surprises, like the collapse of galleapslin an apartment building in Leeuwarden,
the Netherlands, 2012, Fig. 9.

The Netherlands, 2013

The collapse turned out to be caused by corroeietbrcement. A remarkable observation
was that the structure fulfilled the code criterfaoday. There were no cracks and no signs of
upcoming problems due to for instance spallinghef toncrete cover. That illustrates that
obviously our knowledge about deterioration proesss not yet complete.

Thousands of concrete structures, especially géigrto the infrastructure, are subject of
deterioration due to a variety of detrimental effedOne of this is chloride attack. After
considerable research, there seems to be consssuisthe mechanism of chloride intrusion,
and the criteria that should be met in order ndose structural safety due to reinforcement
corrosion. Reinforcement corrosion is expecteddeupo if the chloride concentration at the
reinforcement exceeds a certain value. This cacabrilated with the equation is the aging
factor giving the decrease over time of the appadéfusion coefficient. Depending on the
type of binder and the micro environmental condiithe ageing factor is likely to be between
0,2 and 0,8.
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C(x,t) =C5—(C5—C) [erf ————==] 1
s~ (Cs zq,—Dapp(t)[ﬂ 1)
where:

C(x,t) — is the content of chlorides in the concreta @epthx (structure surfacec= 0 m)
and timet [wt.-%/binder content],

Cs— is the chloride content at the concrete surfate%/binder content],

Ci — is the initial chloride content of the concrpté.-% binder content],

X — is the depth with a corresponding content obgties C(x,t) [mm],

Dap — is the apparent coefficient of chloride diffusibirough concrete [ffsec.] at timet,

t — is the time (years) of exposure,

erf — error function,

Dapp (t) = Dapp (tO ) (tTO) a

where:
Danp(to ) — is the apparent diffusion coefficient measuaed reference timg.

It is a remarkable observation that the crack kvimhbviously does not play a role in this
respect. On the other hand design codes give limithe maximum crack width not to be
exceeded. This looks controversial. In order toegbétter understanding of the role of crack
width for the service life of reinforced concreteustures, at TU Delft a series of tests was
carried out, concentrating on the role of cracktlidn the development of corrosion.
Altogether 32 concrete beams (1500x100%150 mm) vested, see Fig. 10.
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Fig. 10. Test specimens for the determinatiomefrble of crack width on durability (Blagojevi€)15)



106 Forensic engineering: need for a new professional profile

Parameters were the main crack width, the numberazks, the concrete cover and the
type of loading (static versus variable). The cestlconcrete beams were exposed to
alternately wetting and drying cycles once a wemk2f days ponding using a 3,6 % NacCl
solution and a 5 days drying phase to simulateggmessive environment. After 2 years the
beams were sawn open and the areas into whichiaédohave protruded were highlighted.
Fig. 11. shows that the chloride intrusion is sabsally influenced by the presence of cracks.
The bending cracks facilitate the ingress of cliesiover a large area, because the crack faces
function as areas in direct contact with the emuinent. The areas where corrosion was
observed are related to the crack pattern. In abeurof cases the corrosion occurred at the
reinforcing bar at the location where the bar isgets the crack, but in other cases at some
distance from the crack, showing that chloridegigex and water can infiltrate the concrete
to a more remote location from the crack alongltheacross the area adjacent to the crack,
damaged by micro- and mesocracking. These obsengashow that theoretical models, used
for the probabilistic determination of service Jilased on the assumption that serious damage
only occurs after the end of the initiation timedahat cracks do not play a role, should be
reconsidered.

Fig. 11. a) Chloride intruded area in a beam withmnding cracks (light grey area),
b) Chloride intruded area in a beam with bendiragks (light grey area) (Blagojevic, 2016)

The research showed that the maximum stress imeihércing steel, occurring in the
service life, is a better indicator for the stafritr@inforcement corrosion than the maximum
crack width. Nevertheless in an existing structuithout analytical data, the maximum crack
width is certainly an indication for the locatiavhere the reinforcement should be investigated
for corrosion.

3.5 Determining theresidual bearing capacity of structures

Due to the increase of the traffic load on marfyastructural systems, like bridges, an
accurate determination of the bearing capacityhobé structures is necessary, in order to
avoid unnecessary investments in strengthenisgolld be noted that design equations found
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in codes are not the best option to decide whethsructure is strong enough or not. Design
equations are developed for the realization of steuctures. If simplification of rules leads to
conservatism in the design of new structures thisot a disadvantage. The additional safety
margin obtained might proof to be very useful itufe, when some residual capacity may pay
off. However, in order to be able to determineéagidual capacity and use it to demonstrate
that a structures has sufficient bearing capadityidads larger than adopted in the original
design, it is necessary to dispose of more accumats in order to reliably determine the real
bearing capacity. Théb Model Code 2010 introduced the concept of varighevels of
Approximation”. The lowest level can be used whaghtaccuracy is not required, such as in
a preliminary design. The highest Level of Approatian should be used if decisions have to
be taken about investing money in upgrading ongtieening of a structure, with considerable
financial consequences.

A good example of this is the punching shear t@sce of thin bridge decks, supported by
prestressed beams, Fig. 12.

The deck is provided with transversal beams, btueiof which the thin upper slab,
subjected to a high wheel load, takes profit of possive membrane (confining) action. This
action substantially adds to the punching sheaaagpof the deck. However, the code rules
for the punching shear capacity have been deriveti@basis of tests (circular or rectangular
slabs with free edges) which did not allow compixessmembrane action to develop. Therefore
they underestimate the real bearing capacity whiateality is significantly larger than the
design capacity. This demonstrates that new colés ta be developed should move away
from the empirical approach that has been used ofteto now, and be developed as much as
possible on the real physical behavior. InfthéVlodel Code 2010 this was a leading principle.
An example is the calculation model for the punghtapacity. From the research program
quoted before (Amir, 2014) it turned out that tiedpproach can be extended, introducing
the effect of compressive membrane action. By ushig modified model it could be
demonstrated that the bearing capacity of 70 laqmpn bridges in The Netherlands was
enough, contrary to earlier expectations. This destrates that forensic engineers should base
their expertise on a solid understanding of thé pegsical behavior of concrete structures,
and not rely on superseded code rules.
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Fig. 12. Slender bridge deck with unexpected residapacity against punching shear (Amir 2014)

If the determination of the real bearing resistais getting high priority, it is logic that
numerical FE-simulations will be applied more freqtly. It should be realized, however, that
the reliability of FEM calculations depends on th®ices made when developing the FEM
schedule, the appropriateness of the constitugiadions and the reliability of the input values.
An interesting example is shown in Fig. 13.

The figure shows a cross-section over the Maasid@lualready mentioned before. Fig. 13
shows the results of the additional analysis cdroiat with the program ATENA. The picture
shows that during the increase of the water loaduhnel cross-sections starts to act like a set
of circular pipes, after crack formation and localshing of the concrete. It turned out that
even in the hypothetical case that all reinforceme&ould have become inactive due to
corrosion, the ultimate water load on the tunnefadtire would be equal to 4,3 times the
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maximum service water load on the structure. Thagmam ATENA gave realistic results
because of the advanced formulation of the behafitre concrete under multiaxial loading:
a 3D combined plastic fracturing model was usedmating to Cervenka (2008). The analysis
confirmed moreover that the initial ,,quick-checkii the basis of a concrete arch model was
as well a reasonable approach. With this moddi@3z2 between ultimate load and maximum
service load was calculated. This shows that thenfic engineer should not only be able to
simplify the behaviour to such a level that a fpgtvisional decision can be taken (closing the
tunnel for traffic or not), but should additionaltg able to use the tool of NLFEM analysis in
an optimum way, in order to determine the religypilis accurately as possible (and to decide
on upgrading or not) and to verify the resultsh&f fquick check”.
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Fig. 13. Numerical FE analysis of a submerged tuwita corroded reinforcement in the bottom slab

An important task to increase the reliability dfRE analysis is to reduce the model- and
user factor. A reduction of the model factor isiaghble by developing ,tailor-made” NLFE
Models, which are especially suitable for certagllsdefined applications, see e.g. (Belletti
2013). In The Netherlands NLFEM programs, with ptested element type- and size,
constitutive equations, crack models and multiesti®ss states have been developed, which
were calibrated against tests results focusinghersame aspect of the analysis to be carried
out. Within this scope e.g. guidelines were produoe the determination of the shear capacity
of large prestressed T- and I-beams. It was demaiesdtthat such an analysis, as a level IV
approach, gives more accurate results than theabasttical models.

A next challenge is the determination of the b@adapacity of structures against seismic
loads with non-linear finite element time histomnadysis. Calibration of programs to certain
types of houses is costly, since it requires shpkable tests on a sufficient number of
prototypes, Fig. 14.

In northern part of the Netherlands the buildihgse to be verified for seismic resistance,
since gas extraction from deeper layers in thehsnié turned out to result in seismic agitation,
which is governing for the structural safety. Atsttmoment about 180.000 buildings are
concerned. Some of them can be classified as yp&stwith similar properties, but they are
not identical. Analyzing any house with a nonlingare history analysis would not be a viable
option. Therefore expert systems are under devedoprm order to supply a ,simple
approach” based on the insight gained from testimgpection and nonlinear time history
analyses of representative buildings. If the stmadtreliability is insufficient upgrading is
required. An appropriate choice has to be madedmivwoptions like base isolation, window
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frames, fagade replacement etc. This project aska §olid theoretical base, experience and
creativity of the engineers in charge.
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Fig. 14. Shaking table test on a typical Dutch leansPavia, Italy, 2015

4. Conclusions

1). Forensic engineers able to judge upon defiggsnin structures, their cause and the
treatment for upgrading are more and more needed.

2). In order to carry out their task of finding tbeuse of deficiencies, damage or even patrtial
or full collapse, the forensic engineer should d&pof profound knowledge about the real
behavior of structures.

3). It is important to realize, that the cause afufes should not only be explained from a
technical point of view, but can also be found adktommunication and lack of quality
control

4). The aging of concrete structures asks for afladditional expertise in order to be able to
assess the structural reliability, at the momennheéstigation and during the remaining
service life.

5). Large scale evaluations of structural safeg¢yrercessary due to changes in the magnitude
of loads, like related to increased vehicle loadsinforeseen influences like seismic loads.

6). Building codes should offer different levelsagfproximation to satisfy not only the need
to design new structures but as well to assessrexistructures.

7). Education of students should be more direcedterstanding structural behavior, stimu-
lating the ability for adequate assessment of gl
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