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Abstract

The slabs prestressed with unbonded tendons haxe fieccessfully used worldwide for
several decades. During this time many recommemtatiealing with shaping the geometry
of such slabs, selection of prestressing methadedsioning and erection technology were
prepared and issued. The recommendations pertainitige selection of slab depth and the
slab geometry were supported by the numerical talons performed especially for this
purpose. However, those recommendations are limitedpplication to span lengths not
exceeding 12+13 m. During the recent years prestteslabs of spans and slenderness
substantially exceeding recommended values wergrdss and erected in Poland. Because
of conscious breaking the slenderness limits aratopypical character of the structural
solutions applied, continuous monitoring of thebsl@haviour when subjected to load is
strongly recommended during both the erection amdice phases. The strains in concrete,
slab displacements and forces in prestressing tend@ measured. The response procedures
to the results of monitoring have been preparedeik In this paper the theoretical basis for
the measurement technology applying vibrating wiesducers is described. The continuous
monitoring system for the structures of this typad examples of its application are also
discussed. Examples of reaction to the measurecsaxceeding their threshold values are
also presented.

1. Ontheneed to apply monitoring

During several decades of effective application ppéstressed slabs many design
guidelines were prepared and implemented in oalenéble the simple engineering approach
to the design of selected slab type. The slab mleisk, depending on the span length and
acting service loads, constitutes one of the paenmaletermining its capability to safely
resist the loads applied. The slab depth is bourided below by the maximum allowed
displacements, stresses in the cross sections almnm punching in the column-slab
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structures. The top bound is defined by the econafyhe structural solution and the
requirements pertaining to the maximization ofuibkable space.

Table 1: Recommended span/depth ratio accordifij.to

Slab type Span/depth
Solid one-way slab 30+45
Ribbed slab 25+35
Solid flat slab 35+45
Waffle slab 20+30

Khan and Williams [1], beginning with the crackdreondition in the cross section of the
slab, and basing on the performed calculations theerequired depth to span ratio for the
various load levels. The scope of this ratio forias slab types is listed in the Table 1.
Moreover, in the FIB Bulletin No. 31 [2], the minimn slab depth and maximum slab span
for various support conditions and load levelslisted in a more detailed way. Generally, the
highest span to depth ratios identified accordm@2{ do not exceed the value of 45. The
allowed recommended span lengths for continuouss sdee equal to 13.6 m for bidirectional
slabs and to 12.5 m for unidirectional slabs, atiogyto [2]. The published recommendations
resulted in that the constant depth slabs areeztegbridwide with the maximum span limit
set at around 12+13 m.

In recent years several floor slabs having spansdderness significantly exceeding
the recommended values have been prepared aneéciectthe employees of the Building
Materials and Structures Institute of the Cracowversity of Technology. Three extremely
slender slabs prestressed with unbonded tendores designed and erected in the building
housing the Artistic and Cultural Center in Kozmmiwhich opened in summer of 2015. Two
uniaxilally prestressed slabs were designed dyedibve the theater hall: S1-1 at the level of
+9.68 m, having the span of 11.15 m and depth 6fratn, as well as S1-2 at the level of
+14.08 m, having the span of 12.65 m and depth66frAm. Additionally, a bidirectionally
presterssed slab P1-3 having the span of 17.65xt%6d 350 mm deep was designed over
the cinema hall. The span to depth ratios for ttestpessed slabs listed above are: 55.8, 51.4
and 50.4, respectively. These values substanteaibeed the recommended values, both in
terms of slenderness and span. Currently a desigmnidirectionally prestressed slab having
a record span of 21.0 m is being prepared. Breakiegexisting barriers for span and
slenderness requires an in depth and continuougeniog of slab behaviour when subjected
to loads. In order to achieve that, continuous taoimg of slab behaviour is performed, both
during the erection and the initial phase of servithree basic values determining the proper
plate operation are monitored: deflection, concrali@ins and the force in prestressing
tendons. Though all erections are preceded byaile@mumerical analysis, the prototypical
character of proposed solutions resulted in prejperaf user reactions procedures, which
shall be applied in the case when the thresholdegalof the monitored quantities are
exceeded. Thus, the tasks of the monitoring mdistel in a sequence:

* identification of the alert states, allowing fonredial actions to be undertaken,
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» delivery of information on actual value of the ¢ieisy modulus in the concrete in real
structure and information on real drop of the pessting force. These parameters are
subsequently used in formal models verifying thedast behaviour of slabs and in the
modeling of other long span slabs,

« delivery of data on real deflection of slabs anfledtion change during service. Data of
this type are useful during the follow on designstdbs, usually better than those
initially designed.

2. Monitored values and monitoring systems applied

During the monitoring of long span prestressedsstab following values are controlled:

* dab deflection — the basic parameter determining the proper tiparaand the
suitability for service,

e concrete strains — a secondary parameter. Excessive strains inretnare really not
very dangerous for the structure, but result i slaflection increase. Concrete strains
growth in excess of the critical values result racking, and this in turn substantially
increases the slab deflections,

» forcesin theprestressing tendons — a secondary parameter. The forces in tendous ten
to decrease in time due to rheological losses. dvatues do not have any limiting
minimum values, but the prestressing is appliethtit@duce the negative slab curvature
and excessive loss of prestressing force resultsger slab deflection.

During slab monitoring continuous measurement ohiteoed parameters is used, with the

variable time interval between measurements egualninutes during the prestressing phase
and to 30 minutes during the service phase. Depgndn available means and local

conditions on the construction site, the followmgy be applied:

o full monitoring — all three parameters (deflection, concrete rsdrand force in the
tendon) are recorded in continuous mode. This tyjpmonitoring yields continuous
information on all three parameters and changbéadgd parameters in time. Continuous
control of the deflection — a basic parameter, ttuies an advantage here. Data on
concrete strains and prestressing force allow dentification of interdependencies
between the measured values.

e incomplete monitoring — only two secondary parameters (concrete stemsforce in
the tendon) are recorded in continuous mode. As dhetinuous registration of
deflections is the most difficult one due to the-sile conditions, character of the
structure and the specifics of the service, it feero performed only during the
prestressing process and initial phase of the smrvDuring the later time the
deflections are monitored with the surveying methodly in the key moments. Often
only the surveying methods are applied to registerdeflections. When the incomplete
monitoring is applied, the possible emergency statelicated by the secondary
measurement results may be used as an indicatdti&be the deflection survey.

3. The measur ement technology

The vibrating wire transducer technology is usedniasure the parameters of interest
[3]. In such a transducer deformation of a wirengtduting a basis for evaluation of changes
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in measured variables) is determined via the measemt of the vibration frequency change.
The equation of the second law of Newton for aatilbg string takes the form:

g:f24L—W'0 , (1)
ELg

wheref is the string vibration frequencl, — string length,o — string material densit§; —
modulus of elasticity for string materi@— gravity constant. Thus the strains in the starg
directly proportional to the square of its vibratimequency.

The structure of a typical deformation sensor insadrin the concrete is shown in the
Fig. 1la. Each such sensor is equipped with an tratucoil exciting the string vibrations and
measuring the vibration frequency. Additionallycleaensor is accompanied by a thermistor
to measure the temperature. The sensors with aunemasnt base of 50 or 150 mm are used
to measure the strains in concrete.

The sleeve sensors mounted under the anchoraggsdltfyiare used to measure the force
in prestressing tendons. Three vibrating stringsated every 120°, are mounted in the sensor
wall. The magnitude of the force is determined Has® the average of vibration frequencies
in all three vibrating wires.
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Fig. 1 Structure of a typical vibrating wire defation transducer (a), external view of the
string force transducer for a tendon (b).

Measurement system used for continuous monitorirgjad deflection is depicted in the
Fig. 2. This system consists of two transducersngathe form of steel vessels filled with
liquid (usually glycol) [4], of which one constieg a reference point and is mounted on the
support and the other one (active) is mountedeati#ilection measurement point.

The vessels in the Fig. 2a are connected by a Ipgiden within the slab or running
outside of the slab. A float suspended on a targ 8icontained within each vessel. A change
in relative location of the vessels results in @em liquid levels and thus in the location of
floats. This in turn changes the tension in thegs; which is monitored via the measurement
of the vibration frequency. The active transducestalled in the middle of the slab span is
depicted in the Fig. 2b. During the measurements ttAnsducers having the smallest
available measurement range of 150 mm are used.vébsel made of stainless steel is
equipped with three mounting screws and a cirdelal for precise rectification. The system
of pipes connecting the vessels filled with glysokquipped with ventilation port, which at
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the beginning is used to fill the system with liduand subsequently serves to ensure the
trouble free operation of the system.

reference sensor active sensor

vibrating wire ‘

vent tube
liquid level sensor

cylindrical weights

liquid

leveling screws

countilever mounts

Fig. 2 Structure of the slab deflection measurermsgstem (a), view of the system transducer

(b).
Table 2. Parameters of string transducers useatotan the deflections.
Parameter Value
Range 150 mm
Accuracy (% of range) +0.1%
Temperature range -30 to +80°C
Frequency range 1400+3500Hz
External diameter 180 mm
Total height 420 mm

The basic technical parameters of the transdugmbed are listed in the Table 2. The
measurement precision for the transducers haviagribasurement base of 150 mm is equal
to 0.15 mm. The manufacturer declared range of selbie working temperatures allows for
the installation of the transducers on the outsitia building and safe operation during the

whole year.
4. Interpretation of the results, threshold values and proceduresfor action

In the evaluation of the behaviour of prestresdalisssubjected to loads, several threshold
values of the measured quantities have been assasniedicators for the need of corrective
actions. It was assumed, that:

1) for the strains in concrete:
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* & > 0 (decompression in the cross section) — theedeins are reduced mostly
through the introduction of permanent compressivesses in the bottom part of
the slab. Total reduction of these stresses, cuefir in strains may result in
excessive growth of deflections,

* & > &;=0,00010 - the strains have reached the threstadlet of concrete crack
resistance.

2) for the prestressing force:

e P < Pgy — the computationally determined value of the fpessing force
constitutes the basis for theoretical estimation deflections. The excessive
rheological loss of this force due to the uncoigalconcrete shrinkage or creep
may be worrisome and may result in cracking or exaate the slab deflections.

3) for the slab deflection:

* U > Um — the code value is assumed as the thresholdfonéng§tance L/250 or
L/180 for the total deflection, L/500 for the defl®en accumulated after the
erection of the slab).

In the case of full monitoring, when all three pagders are controlled in a continuous
manner, the deflection constitutes the basic copaitameter. The strains in concrete and the
prestressing force constitute the secondary pammebHowever, the knowledge of these
parameters is valuable and may allow for the detextion of interrelations between the
measured quantities.

Concrete straiE Prestress forcE
E>& Deflection Yes
i P < Pobi
cracking control
New analysis
of cracked > .
structure u Ujim
Verification of deflection and
. Sracgrv\\:\'ldihw > Strengthening
= Him == im - additional
external
Yes —
State of emergency prestressing

Fig. 3 Algorithm for corrective action in the caseincomplete monitoring.

In the case of incomplete monitoring, the seconganameters determine the control of
the primary parameter, i.e. the deflection. Theodllgm for action in such case is shown in
the Fig. 3. The prestressing forBedetermines the emergency state only indirectlg, thie
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excessive growth of deflections. The strains inccete determine this state both directly, and
indirectly via the excessive crack growth.

Table 3. Emergency state levels and the actioracher.

Emergency level Threshold value Action to betaken
0 &> 0 lubP < Py, Deflection control in an incomplete monitoring.
1 &> & Deflection control in an incomplete monitoring.

Computational verification of cracks and
permanent deflection in the cracked state.

2 U> Uim Emergency state.
Strengthening required, for instance by the
application of additional external tendons.

The programmed emergency levels and user actioes whese levels are reached are
listed in the Table 3. The level ,0” denotes thernfiass state of overcoming the
decompression in the cross section or uncontrdbbed of the tensioning force below the
preprogrammed value. The level ,1” denotes thesitmm of the structure to the cracked
state, indicates the need for computational reyasisaland estimation of permanent
deflections. The level ,2” denotes the emergenggllelue to excessive slab deflections. This
is a highly undesirable state and requires a thgirontervention in the structure, for instance
strengthening by additional external prestressing.

5. Examples of the monitoring applied

Schematic diagram of the prestressed column-staictste having the largest span of
11.1x12.0 m and 250 mm deep is depicted in thedrig.
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Fig. 4. Application of the monitoring in the colurand slab structure having the span of
11.1x12.0 m.
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Due to the poor concrete properties during thetpresing phase and the large slab spans,
monitoring was applied in order to evaluate thdugrfice of concrete quality on the slab
performance. The transducers having the measurdmasatof 152 mm were used to measure
the strains in concrete. Additionally forces in tpr@stressing tendons in the column and span
bands (looped tendon) were monitored. The sparedefhs were surveyed during the key
moments in the building erection phase (instaltated additional loads) and sporadically
during the first, initial service period. The obted results are depicted in the Fig. 5.
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Fig. 5. Results of the monitoring for the slab dégl in the Fig. 4.
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In Fig. 6 the plan of the erected prestressed B&ahng the record breaking span of
17.65x19.7 m and the depth of 350 mm is shown tailde
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Fig. 6. Prestressed slab having the span of 17%3>fh and 350 mm deep.

In the case of this slab, due to the length andhdepceeding the recommended length
and depth, the transducers having the measurerasatdd 50 mm have been used in the mid-
span cross section and the continuous deflectiamtorong system was applied. In Fig. 7 the
results of continuous deformation monitoring anabstleflection monitoring are depicted,
during the first year after the erection of thausture, including the threshold values. In this
case, due to the missing third measurement of theefin the tendon an incomplete
monitoring was applied. However, the most importpatameter, i.e. the deflection was
monitored in a continuous manner.

5. Concluding remarks

Monitoring utility substantiation, when applied ihe construction of large span slabs,
accompanied by the description of the measureneehnhtques used and brief presentation of
the user reaction procedures in the cases of emeygare presented in this paper. Two
examples of monitoring applied are enclosed. Irh lmatses the emergency states calling for
immediate corrective actions have not been reacheel monitoring confirmed correctness of
the structural solutions used, in spite of theinowative character, and slab dimensions
significantly exceeding the recommended and apliaddards. The obtained results seem to
have an important cognitive value and are usefuprieparation of new design solutions.
Based on the knowledge gained so far through thdicapion of the monitoring an
unidirectional slab prestressed with unbonded tesdmd having an record breaking span of
21.0 mis currently being designed.
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Fig.. 7. Results of monitoring for a large sparbslapicted in the Fig. 6.
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