Utilisation of Geodetic Monitoring for Verification of the Numerical Model
of Impact of a Building under Construction on Surrounding Structures

Janina ZACZEK-PEPLINSKA, Pawet POPIELSKI, Poland

Key words: geodetic surveys, deep excavation, settlement

SUMMARY

The paper discusses the issue of verificatioruofierical models with the utilisation of resultsgafodetic
monitoring for that purpose. That issue has bdestihted by an example which presents resultgofligtic
monitoring versus forecasts of displacements, taled basing on numerical modelling for a buildiogated in
a densely built-up urban area, in the direct nedginbood of the Warsaw Underground Railway tunrieésults
of 6 geodetic control surveys have been analysedit®em were performed in the period of impleméataof
the construction, 1 within a period of ,as builtc@ptance and 2 after completion of constructioan@ 10
months).

Stowa kluczowe:pomiarygeodezyjne, gboki wykop, osiadanie

STRESZCZENIE

W referacie podito zagadnienie weryfikacji modeli numerycznych wsgstupc w tym celu wyniki
monitoringu geodezyjnego. Zagadnienie zilustrowaraykladem w ktérym wyniki monitoringu geodezyjnego
zestawiono z prognazrzemieszczeobliczonych na podstawie modelowania numeryczrdgdudynku
zlokalizowanego w gstej zabudowie miejskiej w bezgrednim gsiedztwie tuneli metra warszawskiego.
Przeanalizowano wyniki 6 geodezyjnych pomiaréw kaintch z ktérych 3 wykonano w okresie realizacji
obiektu, 1 w okresie odbiorow powykonawczych i 2zagaiczeniu budowy (6 i 10 miegiy).
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Utilisation of Geodetic Monitoring for Verification of the Numerical Model
of Impact of a Building under Construction on Surrounding Structures

Janina ZACZEK-PEPLINSKA, Pawet POPIELSKI, Poland

1. INTRODUCTION

Comparison between results of numerical calculatigith results of geodetic surveys may be
found in almost every work which utilises numericabdelling to evaluate conditions of
engineering structures. Comparison of modellingulteswith results of surveys may be
utilised for many purposes. Besides diagnosis afeotl conditions of a structure, emergency
or non-standard situations, such comparison allfowsperforming backward analysis and
verification of material parameters. Estimation afjreement between calculated and
measured displacements may serve for evaluatiaomwéctness of a multi-stage numerical
model, not only for consideration of parameter ealwbut also for an appropriate reflecting of
stages of the structure implementation.
The paper presents the impact of deep foundatiobuildings located within the zones of
impacts, using the example of the ,Wolf MarszatkkavBuilding”, located in the dense
centre of Warszawa. Due to:
— its location within the neighbourhood of existingjldings,
— foundation in complex geotechnical conditions,
— the excavation made for 5-storey underground datebuilding, which implementation
forced the lowering of buoyancy of the water begtayer,
this object was constructed with simultaneous noomigy of displacements of neighbouring
buildings. The detailed analysis of the impact @ivdtering on displacements of neighbouring
buildings and numerical simulations were performad the Chair of Hydrological
Engineering and Hydraulics of the Warsaw Universityf echnology [Nazarewicz, Popielski
2010]. For the discussed analysis, vertical andzbnotal displacements of the building — in
the phases of its construction — and neighbouruiglings, as well as ordinates of water level
in piezometers, were utilised. In the course ofgrened investigations stages of the object
construction were reconstructed with consideratidnlowering the ground water level.
Backward analysis was also performed in order kecs@ppropriate modules of deformations
for particular, pre-consolidated soil layers, bgsion performed measurements of
displacements. Besides, measurements of vertisplasiements of surrounding objects were
performed by the Chair of Engineering Geodesy aodographic Surveys of the Warsaw
University of Technology [Zaczek-Peplinska, Pogie010].

2. LOCATION AND IMPLEMENTATION OF INVESTMENTS

The building of 5 underground floors planned as parking areas and 12 above-ground
floors, to be used as trade and services arelgated at the crossroad of the Marszalkowska
and Zurawia Streets, within the City Centre of WarszaWae building parcel borders the
Marszalkowska street to the east; the western tuohehe first line of the Warsaw
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Underground Railway is located along that stre@hiwthe distance of 8.0 to 11m from the
border. To the south the land parcel bordersZilm@awia Street; densely built-up areas with
apartments and office are located along that sikébin the distance of 20.0 m from the
border. At the western side, a monumental paladecisted within the distance of 18.0 m
from the parcel borders; the City District officase located at that palace. To the north, the
PKO BP bank building (partially of 2 and partially 8 floors), with cellars, adjoins the area
of investment. To the southern side of the Banikdimg, some cracks were noticed before
the building works were started. The terrain ortknat the place of the building location
equalled to approx. 35,05 — 35.50 m above the VAsRiver (NOW).

The ,Wolf Marszalkowska Building” is located on thdenudated Warsaw post-glacial
upland, on which the dual complex of sandy sedisyan¢ located — Fig.1. That complex is
the pressure, double layer, Il water bearing leVkbk upper layer of the Il water bearing level
(I1A) consists of interglacial and water-glaciahsgla with gravels, with the ceiling at the depth
of a dozen or so meters and the water stabilisd¢iogl at the depth of approx. 9.0 m (26 m
nOW). At the depth of approx. 30m, below that layee filtering membrane (lIB) of river
silts is located. The bottom layer of the Il wateraring level (IIC) is located below the
filtering membrane.

The pressure Il water bearing level was depresdiomany times for the needs of
construction of deeply founded structures and ef\#iarsaw Underground Railway. In the
course of geotechnical investigations, before thestruction was started, the water level was
stabilised at the ordinate of 25,0 — 26.0 m nOW.

Due to location of the building with respect togtéouring buildings and considering the 5-
storey underground part, foundation of the buildivas secured by diaphragm walls of the
thickness of 80 and 100 cm, sinked for the minimafrh,0 — 2,0 m in the filtering membrane
layer (1IB) (Fig.1). The excavation was made witle application of the floor method. At the
first stage of construction, floors ,-1" (-4,75%2; (-8,45), ,-3” (-11,60) and ,-4” (-14,75)
were constructed. They were supported by diaphragits and by steel temporary pillars,
constructed from the -1.30 level and based in teget

Additionally, for the time of construction of thenderground part, diaphragm walls were
spaced using temporary horizontal struts, made teél spipes and I-sections. Those
strengthenings were constructed at the level &0-in the north-east corner, at the PKO BP
Bank side (2 angle pipe struts @508/12.5 and 1 B#EB300) and in the north-west corner, at
the level of -17.40 (angle struts3B0).

The ,Wolf Marszatkowska Building” was founded oretfoundation plate of the thickness of
150 cm with local trims related to the technolodythe building technical installations (lift
shafts and a separator). The floor of the platedated at the depth of 19,25 m below the *)”
of the building (“0” of the building = 34.85 m nOW)

In the plan of the building, close to the southesll of the building, at the side of the PKO
BP bank, four lift shafts are located. They wereastaucted on the bottom plate of the
thickness of 60 cm and at the depth of 21.35 mvibéhe “0” of the building (13.50 m nOW).
Southern trims from the side of therawia Street are the separator constructed ohdtiem
plate of the thickness of 70cm, at the depth 00200 (14.8 m nOW) and two lift shafts.
Considering results of calculations of requiredaier ordinates of lowering of the pressure
layer 1IC, dewatering was divided into two stag@s.the first stage, static waters were
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pumped off from the excavation interior (I1A layecatching the possible leakages (dynamic
inflows). At the second stage of dewatering, therbgtatic pressure of the IIC layer was
lowered, works were performed in three phases [a&zaz, Popielski; 2010].

Table 1 presents characteristic stages of congirucf the Wolf Marszatkowska object in
time, with consideration of particular dewaterinigqges and performed measurements of
displacements.

3 332 117 329
35.20 35.16 34.90 35.32
m no0W m nOW
00 - 00 _ - 2
07 nl - R
340 g N < NN % 340
%/ ;;,2_57”'1‘ S ‘%21 —L/ 18 A” oi¢
20 A /g GRIPd AN Gp ¢233 7 5 “GpitPd L 320
A i1 / y 45
200 % . 29,9 m now 24 [ 300
G W
280 7/ _[/ Gpz 280
/85  262mn0Wgay .91 26,0 m nOW
20 = b 260
A Prilz 4 2 S |
NNy e 205 93 1130 <
7o PPtz T \ z, 231 mnow o LLue [0
20 J==%pg_ | ~ 134 PRI ;G2 \ / L0
T g POPRIPIZ Sl Y % \o X s NN
200 L 4 So\ Z: v g 19.9mnOW 2L —LLB8 - - - oo
SR \VA 40741 1) \ éém SR 150 i iy
159 “ 70 POHPs N7 16.2-GpifPs x :
189 KoEy 16.7 = 180
3 3 N a0 NANNY r
160 N \mw\ N\ W toay \%th 1160
- - \
149 ) 2 1 o 140
2o 13,4 m noW - Lz
Ps ¥
100 Psi2 =5 100
80— o T
—_—— e 25 _ e
60 ) "D ~= L N 60
49 NS = \ L 40
4,0 m nOW ) @
20 .. ms \ eANNNNANANY o i (2.0
335 .. |
o— 0,0 m nOW Lo
20 s @ ol
49 s b0
b0 . PrilZ 60
80— ) S+ "430 Lo
VAN — ,438'
N 438 448 Ps
100 —  usgliP 100
PLIOCEN )

Figure 1 Hydrogeological section of the the Wolf Meszatkowska object background layers

Table 1 Characteristic stages of implementation otie Wolf Marszatkowska object

Stage of Dates Stages of | Control
construction . . Performed building works dewatering| measure-
: since till
of the object works ments
0 Initial condition
1 22.12.2007] 21.03.2008 Building diaphragm walld barettes
2 09.04.2008 08.05.2008 Making the excavation, construction of
the floor for the storey -1
3.4.5 20.05.2008 04.08.20d 8Maklng the excavation, construction of |
floors for storeys -2, -3, -4
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6.7 10.08.2004 06.10.2008 Making the excayation, building the| I (phase
foundation plate I, 1)
Building the floor of the storey 0, Il (phase
8,9 21.11.2008 18.02.2009 Transfer of Ioa?s on the foundation I, 1)
plate '
10 18.02.2009 10.03.2009 Building the floor of sherey 1
11 04.03.2009 30.03.2009 Building the floor of sherey 2 20.03.2009
12 04.04.2009 21.04.2009 Building the floor of sherey 3 23.04.2009
13 23.04.2009 29.04.2009 Building the floor of sherey 4
14 06.05.2009 22.05.2009 Building the floor of sherey 5 21.05.2009
15 15.05.2009 12.06.2009 Building the floor of sherey 6
16 Completion of building works 30.06.2009
Turn-key acceptance 02.10.20P9
Exploitation 18.06.2010
Exploitation 09.10.2010

3. NUMERICAL ANALYSIS

Numerical analysis was performed using the HYDRQOBGEbftware package of the MES
software tool used for the needs of geotechniquardtechnique and environmental
engineering [Diaewski 1997].

The numerical model (Fig. 2) of the area around \alf Marszatkowska Building was
developed, which covered the surrounding building®KO BP Bank and an office-and-
apartment building in th&urawia Street. The time schedule of the structweeibpment,
presented in Table 1, was accurately reconstruntdte course of modelling.

Figure 2. Numerical model of deep foundation

Firstly, calculations based on soil parameterscifipd in geo-technical documentation for
the Wolf Marszatkowska Building, were performed.ilSparameters, specified in the

designing documentation were developed basing enPiN — 81/B-0320 Standard. Those
parameters were characterised by lowered valuesianfules of deformations for deeply
occurring soils. Due to that reason, the firstiytanted values of displacements highly
diverged from real values, measured at the cortgtrusite.

In order to obtain the agreement between modelleldes and monitoring of vertical

displacements repeated modifications of soil patareenere performed. Calculations were
based on modified parameters of deeply occurrilg.sthose modifications were introduced

TS04F - Deformation Monitoring 1I, 5567 5/5
Janina Zaczek-Peplinska, Pawet Popielski

Utilisation of Geodetic Monitoring for Verificatioaf the Numerical Model of Impact of an Implemented
Investment on Surrounding Structures

FIG Working Week 2012
Knowing to manage the territory, protect the envinent, evaluate the cultural heritage
Rome, Italy, 6-10 May 2012



basing on literature data (Atkinson, 2000), (Geamgou, 1991), (Shibuya et al., 1992), as
well as own experiences (Baski, Popielski, Szczepaki, Wrona, 2007. In order to verify
the limit values of the foundation, measurementthefsoil stiffness were performed from the
bottom of the excavation using the surface seisnathod [Baraski, Szczepaski, 2004].

Initial values and values assumed for calculatiares presented in Table 2. Comparison of
values of calculated and measured displacementseiected benchmarks of the building
being constructed, at the initial stage of buildiwgrks, are presented in [Nazarewicz,
Popielski, 2010].

Additionally, monitoring of vertical displacemerdgheads of temporary piles, located at the
level -1, was performed in the implementation phdsevas assumed that — basing on
measured displacements of heads, and with consmteraf shortening of piles, caused by
loading of floors — displacements of barrettes tedaat the level of the building foundation
may be estimated. Observations were performed eetwee 3 and the B stages of the
building construction. Shortening of a pile, cauged its load, equalled to 8.3 mm. It was
assumed basing on calculations, that vertical degyhents of barrettes located at the central
part of the excavations, equalled to 18.3 mm. Tiiswed for additional verification of
material parameters of the foundation, during tmalysis of elastic recovery of the
excavation.

Table 2 Designed and modified parameters of soils

: Parameters
Parameters of layers assumed in accordance . " .
X ; .~ 1" considering the
Material to geotechnical documentation (followin range of small
no. Symbol| Description of material the standard PN-81/B-03020) deformations
v y c o E E
[] [kN/m?] | [kPa] [°] [kPa] [kPa]
1 I Silt 0.25 22 40 30 20 00( 650 000
2 Ps Medium sand 0.3 20 3 35 80 000 400 00d
3 Gr/T1 Dusty clay close to dust 0.25 20.7 35 2b 20 Qoo 0 em
4 ps+pd| _Medium sand with 0.3 18.5 0 36 | 80000 300 000
additives of fine sand
5 Gp_m Sandy waterised clay 0.25 22.b 35 23 47 P00 68 000
6 Gp_s Dry sandy clay 0.25 22.5 35 23 47 000 68 000
7 nN Non-building escarpment 0.25 22 25 19 40000 0 0@0

4. PERFORMED MONITORING OF DISPLACEMENTS

Considering conditions of the object location, digmd above, as well as its construction
technology, an independent (additional) geodetinitoang was performed, which standard
objective was to control vertical displacementseighbouring structures. In order to verify
the correctness of the numerical model (assumegestand material parameters) and
predicted settlement, geodetic surveys were appliedas decided to perform those surveys
for four cycles more, performed after completiontbé& basic building works. Geodetic
measurements of vertical displacements were pedrasing the precise levelling method,
covering 17 benchmarks located on the floor ofstioeey ,,0” and neighbouring buildings (23
benchmarks). Benchmarks located on the floor of “Giestorey were located basing on
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guidelines of a person responsible for numericidutations, in such a way that it should be
possible to analyse results of settlement for tluess sections, parallel to the axis of the
underground railway [Zaczek-Peplinska, PopielskiQ9). Displacements of benchmarks at
the “0” storey were determined in the course ofstauttion of successive storeys (stages of
construction 10-15, Table 1), on the neighbourioddings, until the time of completion of
construction and for one year after commissionihthe building. Reference benchmarks — 5
benchmarks of the state elevation network — welexts outside the range of impacts of the
investigated object.

Measurements were performed using the Leica, NA330&cise bar-code level. That
instrument is characterised by the mean error #indn per 1 km of double levelling (using
precise bar-code rods). For the discussed survegys2meter Leica bar-code rod was used,
what allowed to completely eliminate the influerméehe zero point of the pair of rods.
Displacements of benchmarks were calculated usiagrtethod of differences of ordinates,
identification of the reference system was perfameing the method of successive, free
adjustments.

In total, 7 observation cycles were performed;fttet four of them served for determination
of impact of the performed construction on surrangdobjects and the last four of them
served for practical verification of numerical mtsleThe average mean error of vertical
displacement determination of controlled benchmardksalled to approx. 0.8 mm.

The subject of the presented work is not to anadgdéement of object hazarded by impacts
of construction works, and therefore, detailed ltssno that field will not be presented.

The objective of the presented work is to analxeepossibilities to apply results of geodetic
surveys for verification of the numerical model;athis why only selected controlled
benchmarks, located on the section presented iB,Rigre utilised.

The discussed section

Figure 3 Benchmarks location drawing

5. COMPARISON OF OBTAINED DISPLACEMENT VALUES AT LAST STAGES
OF CALCULATIONS

At the stage of designing works the impact of dieemdation onto neighbouring objects was
evaluated [Popielski P. 2003]. The maximum permitt@alues of relative displacements
between benchmarks were assumed basing on theligagd®f the Institute of Building
Technology (ITB) [Kotlicki, Wysokiski 2002]. In the course of implementation of theact,
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the varying values of displacements were contraed it was tested, whether they fall within

specified intervals. Displacements observed iratlea of the object construction were smaller
than permitted values. Displacements of benchmd@& and 307 were compared in the

paper; they were located on the building, withie treighbourhood of the construction site
(zurawia Street), at the final stages of constructibrthe object. Those benchmarks were
marked in Fig.3.

During the analysis of obtained results, the plantime schedule of implementation was

compared with the implementation time schedule. dime-stage delay of works was noticed
(in accordance with stages presented in Table 1).

The list of displacements determined basing omtimeerical model, developed in accordance
with the planned time schedule of works, the medifime schedule and geodetic surveys for
benchmarks 307 and 308, are presented in Fig. $.and

Displacement of the benchmark 307 between
March 20,2009 and October 9,2010 [mm]

0,5 4

2008-12-18-}
2010408-10+

2010-11-18

=fi=forecasted displacements

time

w0 bserved displacements

Figure 4 Comparison of predicetd and observed disacements, benchmark 307
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Displacement of the benchmark 308 between
March 20,2009 and October 9,2010 [mm]
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Figure 4 Comparison of predicted and observed disptements, benchmark 308

On the diagrams which present displacements ofcpéat benchmarks the compliance of
trends of variations of observed and forecasteplatements may be observed. (Fig. 4 and
5).

Intervals between diagrams of displacements predlibasing on the numerical model and

measured displacements are of the 1 mm order —libsigally result from displacement

observed during the initial measuring cycle. Camdtion of the trend and agreement of
changes in successive observation periods alsdrgotife correctness performed verification
of the numerical model.

The differences, which have been stated, may bsechloy at least two reasons:

- firstly, they may the effect of instability of addantified reference system, caused by
reasons other than impacts of the constructed bhjeorder to confirm the instability
of the reference system the analysis of the impadbuilding works performed in
neighbouring areas should be made

- secondly, the difference of obtained results maylbe influenced by discrepancies in
time schedules of the object implementation — thened one, which was the basis for
calculation of predicted (model) values and theleanpentation time schedule, which
was the basis for geodetic measurements.

The agreement of observed and predicted valuesttdément are also seen on the diagram

which presents displacements of the benchmark 38 mespect to the benchmark 307

(Fig.6). Those benchmarks are located on both sidethe building and they allow for

observation of behaviour of its foundation. Altgbuboth benchmarks are located within a

short distance, it is possible to draw conclusiomscerning the correct modelling of changes

of loads and resulting displacements of benchmartkss points to changes of the “shape” of
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the basement of the building located inZ4Bawia Street, in accordance with the model.
Analyses of such type may become one of elemerdaliiration, verification of the

numerical model and the values of soil parameterthat case they confirmed the correctness
of the developed numerical model and parametensabérials assumed for calculations.

Displacement of the benchmark 308 with respect
to benchmark 307 between March 20,2009 and October 9,2010 [mm]

o
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2009:10-144
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2010:05-02
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time
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Figure 6 Diagram of predicted and observed displagaents of the benchmark 308 with respect to the
benchmark 307

6. CONCLUSIONS

* Reliability of results of numerical calculationspéeds of the accuracy of geological
recognition and the correctness of determinatiopandmeters of materials,

» Designing and implementation of building objectdifficult conditions (complicated
composition of background, neighbourhood of exgstbuildings, deep excavations
etc.) cannot be based on typical estimation of patars and standard methods of
static calculations,

» Utilisation of non-standard methods of calculatignemerical modelling) forces the
development of the monitoring network and utilisatiof modern investigations of
soils,

» Performed surveying observations allow for vertii@a of the correctness of the FEM
model with respect to the reality,

 The difference of obtained results may be influend® discrepancies in time
schedule of the construction implementation — x@ghing time schedule, which was
the basis for calculating forecasted (modelled)ueal and the time schedule of
implementation, being the basis for geodetic swsyey
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* Application of relative analysis of displacementgtvieen chosen points of
measurement network and similar nodes on the ME&etradlows for assessment of
the correctness of the conducted numerical sinmrati regardless of
possible displacements of the reference benchmarks
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