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FRS; Dec. 1972(Jan 1973.

The structural behaviour of buildings has from eatliest times exercised
the minds of those in whom responsibility has rested for their care and
stability. :

Masonry structures have an ability to accept and adjust to some
deformation before collapse mechanisms develop beyond a critical stage,
and this has sometimes led to unjustifiable complacency. ‘It has stood for
centuries, why should it collapse now?’ Yet failures do occur centuries
after building. The fall of the Central Tower and Spire at Chichester
Cathedral in 1861 is 2 noteworthy example. Substantial settlements must
have been apparent long before the catastrophe occurred, but it was not
until they were actually seen to be increasing, following the removal of
the Pulpitum, that drastic action was taken to secure the structure and
then this proved too late.

For many years mortar pads o thin pieces of glass laid over settlement
cracks have served as tell-tales. At best these can indicate that movement
may be continuing with no positive information as to its magnitude or
direction.

Accurate settlement observations were first introduced at St. Paul’s
Cathedral by Col. C.E.P. Sankey, R.E, in 1923! when fifty-eight levelling
targets were installed in the walls just above the Crypt floot level: These
were related to a datum mounted on a concrete block resting upon the
cast-iron linings of 4 21-34 m shaft at Newgate Street. A precise system of
recording crack movement was also installed and it comprised the
introduction of bronze pins cemented into the masonry on either side of
the settlement cracks; the distance between being measured with a
micrometer to an accuracy of 0-0254 mm.

In 1965 I introduced a system of three-pin tell-tales at Chichester
Cathedral. These were arranged in the pattern of an equilateral triangle
with two pins disposed vertically in a single stone on one side of the crack,
with the third on the opposite side, thus providing data which could be
resolved into hotizontal and vertical components. The pins were set from
a bronze jig and measurements are taken -with a micrometer to an
accuracy of 0-0254 mm. More recently the introduction of the Demec
gauge has provided a sophisticated micrometer enabling readings to be
taked from small discs mounted in a similar triangular fashion upon the
surface of the wall. The principal drawback of all of these crack
measuring devices is, however, the difficulty of obtaining access to them
when in remote locations, often necessitating the use of tall ladders or
scaffolding platforms. In consequence the readings may be taken less
frequently than is desirable. A

The ability of three-pin tell-tales to differentiate between lateral and
perpendicular movement led to an experiment at St. Paul’s Cathedral
with clock micrometers which could be read daily. The site chosen for
this experiment was the South Transept where substantial settlements
exist dating from the construction of the Cathedral. These settlements,

resulting from the differential loading of the piers supporting the Dome
and the abutting walls of the Transepts, articulate the structure on the line
of least resistance. Cracks rise through the arches and window;, gaining
in magnitude as they reach the top of the walls above the vaultirig (Figs 1
and 2). Some of these cracks now measure as much as 50 mm across. They
have been repeatedly filled with mortar, breaking again with further
movement. Plumbings of the South Wall commenced in 1933 showed an
increase of 15°9 mm when re-measured in 1970. Since that date there
appears to be little, if any, further extension (Fig. 3).

One of the objectives of the present exercise has been to discover the
extent to which lateral movement at the upper level of the Transept has
resulted from the expansion and contraction of the drum of the Dome due
to changes in temperature externally.

The Transept walls above the level of the vaulting are built in two
masonty skins separated by a passage (Fig. 4). The inner skins connect
directly with buttresses supporting the external masonry walls of the
drum of the Dome. At this level the Transept walls are fully protected
from the direct effects of external temperature whilst the masonty of the
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F1G. 2. Settlement cracks
(denoted by white arrows)
and site of electronic trans-
ducers in the South Tran-
sept.
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F16.3. Sectionsthroughthe  Station
South Transept showing
progressive _pveenans

from 1933 to 1970.
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drum is vulnerable to the direct rays of the sun. The expansion of the
external masonry of the drum could, therefore, be anticipated to produce
some lateral movement in these Transept walls provided this was not =
entirely absorbed by the elasticity of the masonry.’ : .

The placing of a clock micrometer bridging one of these settlements in ‘ E
line with the potential thrust (+/—) proved conclusively that lateral 5
movement did in fact occur with corresponding variation of external '
temperature.

It was at this juncture that I commissioned Mr. Stuart Gaunt and Mr.
Alec Payne of Boorley Electronics to undertake a feasibility study to
produce a device which could be incorporated in a system to be read
remotely. Their brief consisted of the following:

1. It should measure movements of up to + 5-08 mm with a resolution of
0-0254 mm.

2. It should measure temperature with an accuracy of +1° C, both in the
vicinity of the transducers and externally in the drum of the Dome.
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Tt should have the capability of measuring 2 number of cracks.

4. It should be capable of providing data which could subsequently be
resolved into the horizontal and vertical movements.

5. The read-out station should be easy to operate so that an informed
operator could monitor the results on a daily basis.

6. The sensor units should be reasonably weather proof for use in
exposed positions.

7. The system must be reliable and have extremely long-term stability as
these measurements may need to be carried out over a number of
years. '

8. The system should be capable of future expansion and have the ability

to be interfaced to an automatic data logger and printer.

During the feasibility study several types of transducer were investigated,
the first being the strain gauge. This device can measure very small
movements with considerable accuricy, but it is unable to cope with large
movements directly and so was ruled out for this application. Rotary and
linear potentiometric transducers, whilst offering attractive simplicity
and cost factors, rely on a sliding contact in their electrical circuit, and the
reliability of this was considered doubtful in the long-term unattended
environment: ageing of the resistive element was another unknown
quantity. Capacitive transducers were another possibility but these did
not appear to be in such common supply as other types, or to be readily
available in a suitable physical form. Finally, inductive transducers were
examined, and here the prospect appeared much more hopeful. There is a
large variety of such devices available. There are two principal types of
LVDT (Linear Variable Differential Transformer)—AC and DC. The
latter are complete with a built-in oscillator and demodulator requiring
only 2 DC power supply and some form of display. AC types have an
external oscillator, demodulator and display. At first sight the DC units
would appear to be a more attractive proposition, but in practice the AC
type can provide a higher order of accuracy, linearity and stability, and
therefore this type was chosen for use in St. Paul’s Cathedral.

The system installation

Because of the requirement to measure movement in two directions in
one place, it was decided to use two transducers at each measurement
position. These were mounted on special pins set out in an equilateral
triangle as described eatlier. In order to set the pins accurately in the
masonry, three holes were drilled oversize using a drilling jig, and the
three pins then mounted in an accurately machined positioning jig such
that the distance between the centres of the pins is as neatly as possible
equal to the electrical zero length of the transducers. The holes ate then
filled with epoxy resin and the three pins inserted, still attached to the jig.

After the resin has set, the jig is unbolted leaving the pins accurately
positioned in the masonry. The transducers are then bolted on to the pins
(Fig. 5).2

The sensitivity of each transducer input has been adjusted so that the
digital indicator reads directly in thousandths of a millimetre displace-
ment from the zeto position. A sign in the indicator shows the direction
of movement. This scale was chosen in order to cortelate the data
obtained with that of the original micrometer system. The sensitivity is
set by mounting the transducer on a special jig (Fig. 6) on the end of its
cable, setting first the zero length, followed by different extended and
retracted lengths, using the zero and span controls on the transducer
selector unit.
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FiG. 5. Electronic
transducers bridging the
settlement crack in the
South Transept with a pair
of the original measure-
ment pins below installed
by Freeman Fox &
Partners.

21n order to simplify the
fitting, LCDTs with built-in
self-aligning spherical bear-
ings at each end were chosen.
Thesc bearings could then be
bolted directly on to the pins.
The particular type selected
was the D5/500E grade A1l
Transducer, factured
and supplied in matched pairs
by RDP Electronics Ltd of
Wolverhampton. These have
a total movement of +12 mm
with a sensitivity of 4 volts/
25 mm.
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Fic. 6. The transducer
calibration gauge.

Fi1G. 7. Control centre scan-
ning ten transducers and
temperature sensors.

RDP Electronics Ltd also supplied the necessary modules for their
‘Dataspan 2000’ instrumentation system. These modules were rack-
mounted in a cabinet (Fig. 7). The system chosen features a ten-channel
selector unit which allows the operator to monitor any one of ten
transducers, displaying the output on a digital panel indicator via a single
transducer amplifier. This selector can be used either in a manual mode or
automatically with the addition of a scanner driver and control unit. The
system is at present configured for manual selection of the ten
transducers, thus allowing for the monitoring of five crack sites. A sign in

the indicator shows the direction of the movement. In order to check the
long-term stability of the system it was decided to install an additional
transducer actoss the two pins mounted in a single block of stone at one
of the measuring sites. The position of these two pins relative to each
other should not change but the transducer should be subject to the same
temperature variations and length of connecting cable etc as the two
measurement transducers at that site. The system has now been installed
for three years and the total drift shown on this transducer is only
0-05 mm, most of which occurred during the first two months after
installation when the system was settling down. The equipment is kept
permanently powered in order to reduce any errors due to warming up.

Temperature monitoring

To correlate crack movements with ambient temperature, a remote
temperature moritoting system has been installed with sensors adjacent
to the sites of the displacement transducers. Platinum resistance
thermometers (PRT), available with a 4-wire connection system, were
selected for this purpose in view of the length of cable runs involved.
The PRT sensots are housed in stainless steel probes which are inserted
into holes bored into the masonry at points close to the displacement
transducers. Good thermal contact is ensured by packing the hole with
silicone grease. The PRT chosen was the RT-74 series made by
Eurotherm Ltd of Worthing. A digital thermometer unit Analogic Type
2576 is used to provide temperature read-out for the selected sensor in
degrees Centrigrade, and a 4-pole rotary switch enables any one of eleven
sensors to be monitored. The temperature measuring system is accurate
to within 1 °C, although the prime consideration in this case is to measure
change in temperature and this can be achieved to within +0-1°C.

Recording

Measurements from the transducers are recorded regularly each day at
8.30 2.m. The data thus produced requires conversion from its iriangular
mode into rectangular form (Figs 8 and 9).

From the precise dimensions measured from the original setting of the
bronze pins, the following formula is used.

Solve Angle A for Triangle AB, AC, BC with dimensions taken from
templates.
P4 2-a
Cos A = ————
o8 2k
¢. Cos A
= Sin A
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As femplate Deformed triongle
Fig, B. Template for transducer plns: Frsi. 9 The deformed trangle résulting
the precise distance between the pins from crack movement

measured and recorded ar Installavion,

Salve Angle A, forthe deformed triangle

Let A8+ 6 A8 = n
By abe =
A ="}

.IE'I+£1‘!—1'};

Cos A= E,E,ﬂ:

o = - Cos -y

* =y, 5in Ay

The difference between yand yi=perpendicular movement; the difference
between x and xj=horizantal movement.
In practice the read-cuts from the reansducers are processed through a
Texus-59 calculator with a precomputed programme. It is then plorted
with reference 1o external ambient temperiture as recoeded by the
Fo. A0, (Fiyawr  sheer)  Meteorological Office.
Earerpts from recordings Esxtracts foom the record of Crack Mo, 1 sitnated in the esst wall of the
of crack movement in the g0 Transept above the vault, illusteate the corcelation of lateral
sottth east waill of the tran- o al o : ) "
movement with vaciations in external remperature (Fig. 10). Ducng the

sept above vanlt. Note the
ifNerse  correlidion with  Past-three years lateral movement has ranged over (F812mm for

variations of tempemeure.  temperature span of 16 °C (Table T},
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TaBLE 1.
Average
temperature  Lateral Perpendicular
Date (°C) (mm) (mm)

Jan. 1 1980 12 +0-132 —-0-025
June 9 1980 157 —~0-587  4+0-099
Dec. 28 1980 51 0 0

Jan. 13 1981 1-5 +0-145- —0-051
June 14 1981 16-4 —0-587  40-150

It is evident that the cracks in the east and west walls are performing as
expansion joints, and provided that these settlements do not become
jammed with debris, the south wall of the Transept should not suffer
further disturbance from the lateral thrusts arising from this source. The
absence of significant perpendicular movements is not surprising as the
most recent pattern of foundation levels recorded by Mr. Thomas of
Messrs. Freeman Fox & Partners, indicates a remarkably even settlement
which at present exists beneath the eight principal piers supporting the
Dome.

A Datalog with remote print-out has now been commissioned to
interface with the present system, and it is hoped that this will be instalied
early in 1982. It is also proposed to extend the surveillance of the system
to other structurally sensitive areas in the Cathedral. In the meanwhile
further experimental usage of the LVDTs is being undertaken at
Chichester Cathedral to discover the effects of thermal movement in the
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3 The author is indebted to
Mr. Stuart Gaunt and Mr.
Alec Payne for the technical
information included in this
article, to Members of the
Staff of St. Paul’s Cathedral
who have assisted in the instal-
lation and monitoring of the
system, to Jack Edwards, the
Consulting  Engineer to
St. Paul’s Cathedral for his
collaboration and to the
Meteorological Office of the
London Weather Centre for

vaulting of the Choir.?

Résumé

Depuis plusieurs années on utilise des bandes de plitre
ou de verre fin fixés 4 travers les fissures de tassement
pour servir de témoins aux mouvements de la struc-
ture. Mais ces temoins indiquent tout au plus que le
mouvement continue; ils ne peuvent ni offrir d’infor-
mation positive quant 4 la direction du mouvement, ni
permettre de mesurer d’une facon exacte I'élargisse-
ment d’une fissure.

Le mesurage exact des mouvements de tassement
dans la cathédrale de Saint Paul date de 1923. C'est en
cette année que l'on a fait installer 58 points de
nivellement dans les murs, juste au-dessus du niveau
du plancher de la crypte, qui se rapportaient tous 4 un
niveau zéro. Au méme moment on a fait installer un
systéme de mesurage précis pour les mouvements des
fissures. Des paires de goujons en bronze ont été fixées

temperature data.

dans la magonnerie de chaque cbté des fissures de
tassement, et la distance entre eux a été mesurée par
micrométre.

Cest dans la cathédrale de Chichester que 1’on a
introduit pour la premiére fois des indicatuers 3 trois
goujons, qui ont fourni des données pour les mouve-
ments horizentaux aussi bien que verticaux. L’intro-
duction du calibre Demec a fourni un micrométre
sophistiqué que permet de mesurer i partir de petits
disques fixés sur la surface du mur dans une pareille
disposition triangulaire. La possibilité de distinguer
entre les mouvements latéraux et les perpendiculaires
qu’offraient les indicateurs 4 trois goujons a mené i
urie expérience dans la cathédrale de Saint Paul avec
des micrométres-horloges que I’on pouvait consulter
chaque jour. Cet article offre un compte-rendu de cette



expérience. L’expérience a eu lieu dans le transept sud
oti des tassements majeurs existent depuis la construc-
tion méme de la cathedrale. De .ces tassements
provennent des fissures qui traversent les arcs et les
fenétres, et qui s’élargissent en montant jusqu’au
sommet des murs au-dessus de la voite.

L’un des objectifs de I'expérience actuelle a été de
découvrir i quel point le mouvement latéral au niveau
supérieur du transept ressort de I’expansion et de la
contraction du tambour du déme sous Peffet des
changements de température 3 extérieur. L’expéri-
ence I’a démontzé d’une fagon décisive, et la deuxiéme
étape a été de procéder 4 un examen de la praticabilité
d’un équipement qui piit s’incorporer dans un systéme
de surveillance i distance.

Aptés un examen de plusieurs sortes de transduc-
teurs, les transducteurs inductifs se sont révélés
comme les mieux adaptés 4 ce travail, surtout le type
c.a., qui offre un niveau élevé de précision, de linéarité
et de stabilité.

On a installé deux transducteurs i chaque point de
repére, montés sur des goujons spéciaux, posés en
forme de triangle équilatéral, et ajustés de fagon qu’un
indicateur digital marque chaque déplacement du
point zéro directement en milliémes de millimétre.
L’indicateur signale aussi la direction du mouvement.
Afin de vérifier la stabilité 4 long terme de ce systéme,
on a décidé d’installer encore un autre transducteur sur
deux goujons fixés dans un seul bloc de pierre 4 un des
points de mesurage. Le systéme fonctionne main-
tenant depuis trois ans, et le déplacement total marqué
par ce transducteur n’est que de 0-05 mm, dont la
plupart pendant les deux premiers mois aprés I'instal-
lation. :

Afin de pouvoir relier les mouvements des fissures
avec les changements de température ambiante, un
systéme de contrdle i distance des temperatures a été
installg, les détecteurs étant montés prés des transduc-
teurs qui controlent le déplacement. Ils marquent la
température avec une précision de 1 °C, mais Pinten-
tion primairc est de mesurer les changements de
température, ce qu’ils font avec une précision de
+0-1°C.

Les chiffres sont notés réguli¢rement 4 08.30 chaque
matin. Les données ainsi obtenues sont en forme tri-
angulaire; pour les convertir en forme rectangulaire,
on se sert de la formule qui se trouve a la page 224.

Resumen

Durante muchos afios se han empleado bloques de
argamasa o trocitos de cristal en grietas de asenta-
miento como testigos que indicasen el movimento
estructural. En el mejor de los casos, estos procedi-

mientos indican la continuacién del movimiento, sin
datos positivos referentes a su magnitud o direccion.

En la Catedral de San Pablo se introdujeron por
primera vez en 1923 observaciones precisas sobre
asentamiento al instalar 58 puntos de nivel referentes a
una referencia dada en los muros del suelo de la Cripta.
Al mismo tiempo se instalé un sistema de precisién
para registrar el movimento de las grietas, 2 base de
agujas de bronce fijadas con cemento en la obra a
ambos lados de las grictas de asentamiento; a continua-
cién, se midié la distancia intermedia con un micré-
metro.

En 1965 se introdujeron testigos de tres agujasen la
Catedral de Chichester, los cuales suministraron datos
que podian separarse en componentes verticales y
hotizontales. La introduccién del medidor Demec ha
facilitado un micrémetro sofisticado que permite
obtener datos de unos pequefios discos montados en la
superficic del muro de modo triangular parecido. La
capacidad de los testigos de tres agujas de diferenciar
entre movimiento lateral y movimiento perpendicular
condujo 2 un experimento en la Catedral de San Pablo
por medio de micrémetros de reloj que podian
comprobarse a diario. El informe detallado de dicho
experimento forma el tema del presente articulo. El
emplazamiento seleccionado fue el crucero sur, donde
se hallan asentamientos notables desde la construccion
de la catedral, los cuales han producido grietas que se
extienden por arcos y ventanas, y que adquieren mayor
magnitud al legar a la parte superior de los muros por
encima de las bovedas.

Uno de los objetos de este ejercicio ha sido
descubtir hasta qué punto el movimiento lateral de la
parte superior del crucero es el resultado de la
expansion y la contraccién del tambor de la cipula
debidas a cambios externos de temperatura. Esto
quedd comprobado de modo concluyente; a continua-
cién, habia que comisionar un proyecto de estudio
para la creacion de un elemento que pudiese unirse a
un sistema de lectura remota.

Se investigaron diversos tipos de transductor, pero
finalmente los transductores inductivos resultaron los
mis adecuados a este objeto, con los del tipo de C.A.
como suministradores de un alto nivel de precisién,
linearidad y estabilidad.

Se emplearon dos transductores en cada posicion de
medicién, los cuales se montaron sobre agujas espe-
ciales dispuestas en tridngulo equilitero, y se les ha
ajustado la sensibilidad de manera que el indicador
digital aparezca directamente en milésimas de milime-
tro del desplazamiento a partir de la posicién cero.
Una seiial del indicador muestra la direccion del
movimiento. A fin de comprobar la estabilidad a largo
plazo del sistema, se decidi6 instalar un transductor

adicional a través de las dos agujas montadas en un
solo bloque de piedra en uno de los emplazamientos de
medicién. El sistema estd instalado desde hace tres
afios y ¢l desvio total sefialado en este transductor es
solo de 0.05 mm, ocurrido en su mayor parte durante
los dos meses posteriores a la instalacion.

Para establecer la relacion de los movimientos de las
grietas con la temperatura ambiental, se ha instalado
un sistema evaluador de temperatura a distancia,
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provisto de sensores y adyacente a los emplazamientos
de los transductores de movimientos. Su precisién esta
dentro de los limites de un grado centigrado, aunque
lo importante es medir ¢l cambio de temperatura, lo
cual puede conseguirse en un limite de +0.01 °C.
Las medidas se registran regularmente todos los
dias a las 8.30 de la mafiana. Los datos asi obtenidos se
convierten de su forma triangular a la rectangular,
para lo cual se utiliza la formula de la pigina 224.



