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Abstract: This paper investigates the restraint of imposed stirmiedge restrained members
and in particular, experimentally illustrates the inflleermf vertical steel reinforcement
between the restrained (wall) and the restraining (base)o@r on the mechanism of restraint
development. The investigation constructed real scalaforced concrete walls onto
reinforced concrete bases and also illustrated why prestodges, which have mostly utilized
steel members to restrain the imposed strain, are inapg®fior gaining an understanding of
edge restraint as they fail to reflect the heat trarisféwveen the wall and the base. Results
revealed that the restraint increased in the presénegtaal steel reinforcement from 0.37 to
0.72. They also showed that restraint increases with timeodtie steel reinforcement and
decreases in its absence. A finite element analyfieavalls is also presented to highlight the

significance of correctly incorporating the real time boupdanditions.
1. Introduction

Cracking in newly cast concrete subjected to restramtcismmon phenomenon which
is primarily attributed to the restraint of volume changékiwthe concrete. Immediately after
casting and following peak hydration temperature, the camstatts to exhibit volume change
due to the concomitant processes of early age thermatactian and shrinkage (both
autogenous and drying). Some form of restraint to these eotin@anges is present in almost

all practical scenarios. The restraint may be extesndl imposed by one or more of the
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adjoining members; internal and be from the steel reiafoent present in the concrete; or
result from thermal gradients / differential thermtehms, particularly those occurring in mass
concrete structures (1). Once the free volume chandgbeotoncrete is restrained, tensile
stresses will develop in the concrete which may lead to agckhould the stresses exceed
the tensile strength of the concrete. Cracks occudtegto the above mentioned phenomenon
are mostly ‘through cracks’. Design codes and construction practices present numerous
measures to assist with the control of cracking; thedede the lowering of the temperature
during the hydration process, the provision of horizoeslgeinforcement, the provision of
joints and the limiting of the length to height (L/H) catif each pour (2, 3). The mechanism
of cracking due to external end restraint has beenndrse=hin detail and the theory of cracking
due to restrained volume changes was developed based on thielnebtibmembers subjected
to end restraint (4). However, little research has lpmformed on the behaviour of edge
restrained members; most experimental research has peg@rmed on reduced scale
members with micro concrete and reduced bar diameteos ¢B)mortar mixeé6-8), although
recently, Micallef (9) conducted tests on full scale wricéd concrete walls subjected to a
combination of flexure and edge restraint, where the reswas imposed by a steel restraining
base., Interestingly, the research that has beearpedl, suggests that the effects of end and

edge restraint are quite different from each other (10, 11).

The mechanism of cracking due to restraint involves twpoitant parameters a)
magnitude of volume changes, b) degree of restraint. Whéstqus studies have focussed on
ascertaining the factors involved in defining the magnitudeofme changes as well as on
the restraint variation within the height of wall, theechanism and factors involved in the
formulation of edge restraint have not been experimgntintified and analysed in detail.
One important reason for this may be the use in previqeriexental investigations of a steel
member as the restraining base; although this may sinedgterestraint, the behaviour of the
concrete base in terms of thermal contraction, traasfer and the role of the steel dowels
which are continuous from the base into the wall canealtstically be depicted by the steel
members. It must be noted also, that although extezstthint has been categorized as Edge
and End restraint; in practice, a combination of edge addrestraint is also commonly

witnessed (1).

Tensile stresses developed in concrete members subje@dgeaestraint are believed

to be proportional to the magnitude of the restrained strain. The restrained strain (&) is the



strain prevented from occurring due to the presence otipe restraint and is the product of
the degree akstraint (R) and the free strain (efree) likely to occur in the concrete in the absence
of a restraint. Degree of restraint varies between lOndorestraint) and 1 (for full restraint)
and is defined as the ratio of restrained strain todoean. Currently, it is suggested that the
degree of restraint can be calculated or ascertained te guidance / equations given by ACI
Committee 207 (12) and BS EN 1992-3 (13); the method of estimattiedge restraint given
in CIRIA 660 is similar to the one given in the ACI desgpde. Nilsson (14) also suggested
several expressions for the calculation of edge riestica a typical case of a wall on a slab.
The ACI method is based on the work by Carlson and Reddib)g it was subsequently
improved in light of the work by Emborg (16). Using the ACI apphpdhe restraint at the
joint is calculated from the ratio of the axial ritjydof both members as given in Equation 1.
Research by Stoffers (5) and Kheder, Al-Rawi (8) in@isahat the degree of restraint varies
along the height of wall and is a function of the wajpect ratio. The ACI also varies the
restraint over the height of the wall by incorporatinglémgth to height ratio (L/H), height of
the wall (H) and height (h) of the point above thetj@nwhich restraint is being considered.
Since the modulus of elasticity of new concreteinEreases with time, then according to this
eqguation, the value of restraint at the joint should @serewith the passage of time. No
experimental evidence of change in restraint with timekeen provided by researchers in the
past, however, Micallef (9) did find that the restraintéased with time, proposing that this
was due to the reduction of wall stiffness after cracking.

AgEc

Ry=1/(1+35

) 1

where;
Rj = Degree of restraint at the joint
Ag = Gross area of concrete cross section
Ar = Cross sectional area of foundation or other reshgimember
Ec = Modulus of elasticity of restrained member concrete

Er = Modulus of elasticity of foundation or restraining eleime

Annex L to BS EN 1992-3 (13) proposes a number of restia@itdrs (these have been
reproduced from BS 8007 (17)). The Annex provides a value dbéOtbe degree of restraint
and suggests that this will remain unchanged over the refighe wall. Similarly, BS 811@-
(18) suggested that the restraint factor lay between 0.6 8nébba wall cast on a massive

concrete base. However, Bamforth (3) found that aréifiee in degree of restraint of 0.1 from
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the Eurocode suggested value will affect the level ofagsd strain by 20% and, therefore,
suggested a more rigorous estimation of restraint fastoexessary. Klemczak and Knoppik-
Wrdébel (19) carried out a comparative study of these timethods and concluded that; the
Eurocode approach is useful only when assuming that thaingsty member does not deform;
the ACI approach is simple and easy to use with rebaltgy similar to those obtained from
numerical analysis, however, the approach focuses mamihe volume changes due to
thermal effects, since it has been developed for e@ssrete; the method given by Nilsson
(14) is quite complex and a little difficult to use - al#s application is limited and only

applicable to wall elements having aspect ratios of less 5.

There is a consensus among researchers in this fiatdthb degree of restraint is
maximum at the joint between the restrained and restramergber and at the centreline of
the wall, and that the restraint reduces over the haightength of the wall (3, 5, 7, 14, 15)
However, Micallef (9) noticed that the maximum value ofregst may exist at some point
above the mid height of the wall, although this may bliemiced by the test procedure that
was adopted. Stoffers (5) asthleeh (20) conducted tests on micro concrete walls having
different L/H ratios and cast on a steel base. Thentiiikd the significance of taking into
account the curvature induced in the restraining member die tcontraction of the wall
when calculating the restraint factors. A similar appinolac analysing edge restrained walls
was recently adopted by Micallef (9), however, full scamforced concrete walls were
investigated in the latter case. In the latter casgraiat was induced through the use of shear
connectors welded onto the steel universal column which veaksassthe restraining base. To
prevent the universal column from developing any curvatuteatms and load cells were
installed beneath the steel base and an upward pre-load Wiasd agpch introduced hogging
action into the base and wall. In all of the abovectcitesearch, restraint was imposed to the
edge of the restrained walls, however, the influence ofdhene changes taking place in the
wall on the restraining member could not be ascertainadost practical cases, a wall is cast
onto an existing concrete member and a certain amountro¢alesteel reinforcement is
present at the joint. As of yet, the contributiortlu$ reinforcement in defining the degree of
restraint cannot be assessed from the existing msdathe existing design guidance

expressions.

This paper aims to identify the influence of vertical steglforcement on the behaviour

of edge restrained reinforced concrete walls by speltyfiftcusing on the degree of restraint,



number and width of cracks and the role of the edgearestg element. It also highlights the
shortfalls of using a steel member as a restraining baselde restrained reinforced concrete

walls.

2.  Experimental Program

2.1. Introduction

In light of the shortfalls of previous research mergmabove, an experimental research
programme looking at the behaviour of edge restrainedoregd concrete walls has been
undertaken. This research focuses on 1) highlighting the iemp@tof using a reinforced
concrete base in order to correctly understand thegohemon of edge restraint and 2)
determining the role of the vertical steel reinforcentkntels extending from the base into the
walls on the mechanism / development of restraint.ekperimental study primarily considers
tests on four reinforced concrete walls cast onto previooshstructed and hardened
reinforced concrete bases. Tests on two walls have bempleted and their results are
presented in this paper; the remaining two tests are cyriemtiogress (In the ongoing tests,
the wall thickness has been reduced to analyse the no#uef the axial rigidity of both
members on the degree of restraint). During the perigadsbihg, the average temperature in
the laboratory varied between 14 and 24°C, and the avelageadumidity ranged between
46 and 62 %.

2.2. Test Set Up

Each test comprised of two phases. In phase 1, the reddfooncrete base slab was cast
and cured for up to 28 days. In phase 2, once the slab wessa®B days old, the wall was
cast on the existing slab; hence, the existing slab ietpasrestraint to the volume changes
occurring in the newly cast wall. The detailed dimensionzott the wall and slab are given
in Figure 1. The wall had a length to height ratio (L/H) ofvlich is similar to the walls tested
by Stoffers (5) and representative of the range of camymegsed aspect ratios in practice. In
both tests, the walls had a larger cross sectional (@49000 mrf) than that of the base slab
(204000 mr). The strains and temperatures in both the wall and slad menitored for a
period of eight weeks after the wall had been cast. Stveéme measured using DEMEC
gauges, while temperatures were monitored using K type exposeedvigldhermocouples.
For these tests, it was decided to prevent the developmemtvafture in the base slab, hence,

both ends of the slab were bolted to the strong flooheflaboratory using two-off 50 mm
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diameter steel studs as shown in Figure 1. An 8 mm thieksliete was also placed on top of
the slab ends to distribute the force applied by tightemagiuts. The upward deflection at
the slab ends was monitored using analogue deflection gaugethatrials of the base. A
constant value on these deflection gauges was maintanwegjtiout the test by tightening the
nuts whenever any upward deflection was detected during theetesd. This adjustment was

performed a maximum of 3 times during the test and the maxunpward deflection observed
was 0.05 mm.
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Figure 1. The test set up: (a) Elevation and crossosectithe wall and base (dimensions are in mm); (b) a ofethe
tested wall

2.3. Design of Specimens

In the process of designing the specimens and in addittbe fmints already mentioned
above, it was deemed important to implement the followinipdéurconsiderations:-



a. The length (L) of the walls should be sufficient to althe development of at least
two primary cracks (according to the guidance on crack spacwmuplale in the
literature).

b. The concrete mix should be designed to provide a signifibantial drop (from peak
temperature) and shrinkage.

c. The walls should be sufficiently high to allow any vaoatin restraint over the
height of the wall to materialise.

d. The base should be prevented from developing curvature dhe &hrinkage and
thermal contraction occurring in the wall (the influelé&oing this on the restraint
profiles are considered and reviewed below using FE analysis).

The details of the reinforcement provided in the wallvall as in the base for each test
and the concrete cover are shown in Figure 2. The lmsevas reinforced, on both top and
bottom faces, longitudinally with 12 mm diameter barsegaat 100 mm and in the lateral
direction with 8 mm diameter bars spaced at 200 mm.drfitst test, the wall had 10 mm
vertical steel reinforcement bars spaced at 1040 mm (usezlynto hold the horizontal bars
in place) which meant that there were only eight 10 pjym 0.07% dowels at the walt slab
joint. In the second test, 16 mm diameter steel gasesl at 150 mnp( = 0.9%), were used
as the vertical steel reinforcement in the wall. Betis were reinforced horizontally with 10

mm diameter bars with a spacing of 180 mm in each face.
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Figure 2. Details of steel reinforcement, cover andtlon of thermocouples and ERS gauges: (a) Test 1; (bpTes

7



2.4. Material Properties and Instrumentation

The concrete mix used in this study had a water to cenatinot of 0.45. The mix
composition is given in Table 1. One cubic meter of readied concrete was procured from
Hanson Concrete, Leeds each time an element was bastompressive strength), splitting
tensile strength{fc,sp and the modulus of elasticity (21) of each batch ofcoete were
determined in the laboratory. All the specimens were nooistd inside a curing room (99%
relative humidity). The cube compressive streiffithng of each concrete mix was determined
using 100 mm cubes and the splitting tensile strength wisneld using 150 x 300 mm
cylinders; strengths were obtained at 3, 7, 14 and 28 days. Bigliavs the development of
compressive strength and indirect tensile strength with for each batch of concrete. The
cylinder compressive strength cy) and modulus of elasticity of each mix were also oleti
using 150 x 300 mm cylinders at the age of 28 days. To determindrebetensile strength
(fe) of concrete, concrete bobbins were used; these direcigths were compared with the
indirect strengths obtained from the splitting tensitergyth tests and all 28-day strengths
along with the variation between the direct and irdik@lues are shown in Table 2. BS EN
1992-1-1 (22) suggests that direct or axial tensile strength sheutdken as 90% of the
splitting tensile strength whereas the data in Table Zabes that the direct tensile strength
obtained is approximately 65% of the splitting strengthhd\gh testing concrete bobbins for
direct tensile strength has its inherent inaccuradiappiears that the factor of 0.9 as suggested
by the Eurocode is perhaps too high. Four prisms (75 mm x 7% @@ mm) for each batch
of concrete were used to obtain the free drying shrinkagdl ¢ases, these prisms were cured
under the same environmental conditions as their regpestill and slab elements. Surface
strains on both the wall and base were measured immegdifteri the removal of the formwork
using the 150 and 400 mm DEMEC gauges. The temperature develaprbetih wall and
slab were monitored using thermocouples installed at ditfdoeations over the height and
length of both members as shown in Figure 2 above and Fidnglewt. Owing to symmetry,
temperatures were only monitored in one quarter of eachbareflectrical resistance strain
(ERS) gauges were also installed on selected steeblsarg]icated in Figure 2, to monitor the

strains occurring in the steel reinforcement bars.



Table 1. Composition of the concrete mix

Ingredients Quantity (kg/nd)
Cement (CEM 1) 385
Water 175

Fine Aggregate 730
Coarse Aggregate 1364
Admixture VS1000
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Figure 3. Development of concrete strength for each @)xCompressive strength; (b) Tensile strength



Table 2. Comparison of splitting and direct tensile sfiten

] Splitting tensile Strength Direct tensile strength Variation
Concrete Mix
(MPa) (MPa) (%)
Base 1 3.8 2.8 26.3
Base 2 3.6 1.9 47.2
Wall 1 3.4 2.1 38.2
Wall 2 3.7 2.5 324

2.5. Test Procedure

Initially, the reinforced concrete slab was cast; thentwork for the slab was removed
two days after casting. Thereafter, it was covered with Hessian sheets and cured for a
period of 14 days. DEMEC studs were attached to the concrdtetloiongitudinal faces of
the slab and the strains were recorded using 150 mm DEMEC gaeggerature recordings
were logged every 15 minutes. Twenty eight days after casingjab, the wall was cast using
formwork insulated with 50 mm thick polyisocyanurate (PIR)rtfa@rinsulation sheets (which
have a thermal conductivity of 0.022 W/m.K) to prevent hesd to the atmosphere. In the
first test, the wall formwork was removed 48 hours aftsticg whereas, in the second test it
was removed after 20 hours. DEMEC studs were installetlewall surface within 2 hours
and then first readings were taken. Surface strain memtatarted immediately after the
removal of the formwork and continued for the duratiotheftest. Immediately prior to the
removal of the wall formwork, the bolts were checked touenghat the base slab was
uniformly in contact with the floor. In order to maximize gely age thermal contraction and
shrinkage the wall was not cured after the removal ofdheviiork. Detailed monitoring fo
the surface strains and the appearance of cracks in edicvag carried out for a period of
eight weeks after the removal of the formwork. In theeaaf the first wall, no primary cracks
were observed during the test except for a few irregularlnedt plastic shrinkage cracks.
However, in the second test, the first crack in the a@ilrred 51 days after casting; the wall
was monitored for a further four weeks after this. Crackhsigtere measured perpendicular
to the crack using a portable microscope with a magnificatigt® @nd a precision of +0.02

mm.
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3. Reaultsand Discussion

3.1. Temperature Development

The temperatures developed in both the wall and the baggesented in Figure 4. The
vertical dotted lines in Figure 4 depict the time of formwogknoval. A sharp decline in
temperature can be seen in both tests on removaedbtmwork. Temperatures within the
concrete dropped to ambient values after 72 to 80 hours fraat gaisting. Temperature drop
remained gradual except at the time of formwork removaltekt 2, a steep decline in
temperature on removal of the formwork can be seen amehpa test 1. The maximum
temperature reached in test 1 was 55.4°C and in test 2 i6@&%C; both of these values
occurred near the top of wall along the wall centreline.r Xlea free edge, the maximum
temperature occurred at the mid height of the walls (argd52al°C in test 1 and 49.5°C in
test 2) which were quite similar to the temperatures deszbnear the top of the walls. However,
temperatures observed in the wall close to the joint betwee wall and the base were
significantly lower than those at the higher locatianshie wall. The temperature drg¢p:)
from the peak to the ambient temperature in both testsalvasst similar. The temperature
drop at the centre of the wall was 33.5°C in test 1 and 33rB8f€t 2. The temperature drop
obtained from CIRIA 660 for a 300mm thick wall, having a cenoemtent of 380 Kg/ris
30°C which is slightly less than the values obtainedhésée tests. Due to the increase in wall
temperature during hydration, a rise in temperature in déise kvas also observed; this was
greater close to the joint with the wall and lesser towdnel®ottom of the base, near the floor.
This suggests that a significant amount of heat is traesférom the wall to the base in the
region of the joint. This is in line with the obseteas of Bamforth (11) who predicts that this

heat loss is the reason that the maximum crack widthrs at some height above the joint.
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Figure 4. Temperature development after casting of thie (@pLocation of thermocouples; (b) Temperature pesfil

3.2.

The unrestrained or free shrinkage measured from theetenmiisms was compared to
the shrinkage predicted by the ACI model, Bazant Baweja B&mMEEB FIP Model code
2010 model and the Eurocode model (see Figure 5). From Figureds be seen that the

experimentally observed unrestrained shrinkage observed indstthwas most accurately

(b)
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predicted by Model Code (23). Therefore, knowing the congretperties and the notional
size of the wall and base, the unrestrained shrinkagmtbrmembers was estimated using the
Model Code (23) in the calculation of the restraintdex The thermal strain was calculated
by multiplying the thermal drop measured by the thermocoupteshe coefficient of thermal
expansion of the concrete. The coefficient of thermal expansion of concrete (o) was not
measured experimentally, however, a comparative analysisaveed out using three values
ie. ac =9, 10 and 11 pe/C. From this comparison, it was found that the degree of restraint
slightly increases with an increase in the value of ac, however, the variation of restraint over
the height and with time rerma similar. It was, therefore, decided to use the value of ac = 10
ue/C as recommended by BS EN 1992-1-1 (22) and Bamforth (3) in CIRIA 660 when a
limestone aggregate is used. The sum of the thermal amkesie strain gave the free or
unrestrained strain in the wall which was used to caleula restrained strain and the degree

of restraint.

Wall Prisms - Test 1 ‘Wall Prisms - Test 2

Shrinkage, pe
Shrinkage, e

0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70
Time, Days Time, Days

—— Experimental - ACI Model ------- Bazant Baweja B3 Model -~ --- MC 2010 — — — Eurocode 2 Experimental -~ ACI Model ------- Bazant Baweja B3 Model - - - - MC 2010 — — — Eurocode 2|

Figure 5. Comparison of experimentally obtained shrinkade different shrinkage prediction models

3.3. Influence of Wall on the Shrinkage in Base

As mentioned above, the heat generated by the wall affenganeant that the base also
underwent thermal changes along with the wall and an expaimsthe base was observed
after the wall was cast followed by a subsequent contra¢tee Figure 6). Based on the
observed shrinkage in the base prior to the casting of thetiashrinkage strain likely to
occur in the base in the absence of wall was extrapolattd@mpared to the actual strain
exhibited by the base once the wall was cast in place~gaee 6). From Figure 6, it can be
seen that in test 1, where a negligible amount of stédorcement 4 = 0.07%) was present
at the joint, the volume changes occurring in the walldased the base contraction as

compared with the strain predicted to occur in the baskerabsence of the wall. However,
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in test 2, when the reinforcement dowels were presenizdhtraction in the base was found
to be less than that expected to occur in the absencelof wal

These results confirm that the action of the newst vall is to induce volume changes
in the concrete base primarily due to the heat transféngedthe wall to the base during the
hydration of the concrete in the wall. This interacti@ween the base and the wall is clearly
difficult to quantify when steel members are used asstiaiaing base; yet it is extremely
important. In test 1, the base exhibited more strain Weas anticipated from its behaviour
before the wall was cast; in test 2 the induced volumegehan the base was restrained due to
the presence of the vertical steel reinforcementilplgdsecause the steel reinforcement bears
against the contracting concrete and restrains thestraa. It can, therefore, be inferred from
the results that the dowels enhance the stiffness andhdusstraint imposed by the base on

the wall.

The restrained strain at the bottom of the wall iscivabination of the restrained strain
calculated for the wall and the restrained strain enlihse. Therefore, in the experimental
evaluation of the degree of restraint, it is importartate into account the strain restrained
from occurring in the base slab in order to correctbedain the degree of restraint imposed
on the wall. The presence of the steel reinforcemetiteajoint has clearly increased the
effective stiffness of the base as a result of tifteaced shear transfer between wall and base.
However, currently available guidance for the estimabdrihe restraint factor does not
incorporate this steel reinforcement ratio. The amounedical steel reinforcement present
at the joint between the restrained and the restrainingbees is therefore an important
contributory factor towards the formulation of restrantl needs to be incorporated within the

design guidance.

Base Shrinkage - Test 1 Base Shrinkage - Test 2

160.0

-40.0

Time, Days Time, Days
- === Free —e—aActual 0 e Projected Strain --=-- Free —s—aAcdual e Projected Strain

Figure 6. Influence of the wall on development of shrinkadgherbase slab
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3.4. Degree of Restraint

For the purpose of the restraint calculation, the wa#l divided into middle (1600 mm)
and edge regions (800 mm on either side). The degree @fimegrcalculated by dividing the
restrained strain by the unrestrained or free stiidia.restraint at the edge and middle regions
of the wall has been compared with that calculated fdls\waving the same aspect ratio using
the ACI Committee 207 (12BS EN 1992-3 (13) and from the work by Stoffers (5) and
Schleeh (20) -Figure 7 shows the comparison of the stated restraturiaand the variation
of restraint over the height of the wall. . From tésts it can be seen that the restraint is greater
in the middle section of the wall and lower near tlee fends of the wall. Also, due to the
presence of the vertical steel reinforcement, the degfresstraint appears to be a lot greater
at the joint between the two members. The experimentathirad values of restraint vary
considerably from the predicted values; for test 1 (nmtica steel) the degree of restraint is
less, whilst in test 2 (vertical steel present) theraettis greater. Figure 7 also suggests that
the experimentally measured restraint decreases oveeidig of the wall, being maximum at
the joint between the restrained and restraining membdrenaimum at the top of the wall.
This decrease in restraint over the height of walldiss been mentioned by other researchers
(3, 5, 7, 14, 15). Although Micallef (9) observed that thereent is maximum at some point
above the mid height of the wall and decreases towardsphend bottom of the wall. It can
also be seen that the variation of restraint ovehthight of the wall is affected by the presence
of vertical steel reinforcement. With time, the rastr over the height of wall decreases; in test
1, there was a significant loss of restraint oveihiight, whereas in test 2, the loss of restraint
is comparatively lower. Previously (3, 7), it was believed tha loss of restraint over the
height of a member is dependent on the height and aspieadf the members. However, these
tests indicate that the amount of vertical steel reagiment present in the wall also appears to
contribute significantly to the degree of restraint atedé@ht points over the height and length
of the wall. From Figure 7, it can also be seen thaktisea change (reduction) in the gradient
of the degree of restraint close to the top of the waitldle section). It is thought that by
preventing the base slab from curling, even though velg fdtce was needed to do this, this
may have induced a slight amount of tension near the tdofall effectively reducing the

restraint at this point.
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Figure 7. Variation of the degree of restraint alongHiteicomparison of the experimentally obtained restraictiofs with
those estimated from the available guidance

Figure 8 illustrates the variation in the calculated degfeestraint at the joint with time.
In test 1, the degree of restraint decreased with tintestr? it increased with time. Recently,
experiments by Micallef (9) also revealed an increasesinaint with time; this they attributed
to the loss of wall stiffness due to the occurrence of cradksvever, in the current study
presented here, the degree of restraint increasestimihin the presence of vertical steel
dowels even when the wall did not exhibit any cracks. Alsay eteen cracks began to form
after 51 days, there was no change to the gradientm@&asing restraint with time (Figure 8).
It is thought that the vertical reinforcement dowels proaid@écreased restraint to the ongoing
shrinkage in both members and thus increase the valie oéstraint factor. (The restrained
strain in the base slab increases due to the steedhadifsirther augments the restrained strain
present at the bottom of the wall.) In the absence itaéreinforcement dowels (test 1), the
time dependent shrinkage occurred without this restraintrendegree of restraint decreased
with time. From these experimental results it casd®n that the degree of restraint decreased
with time wherpy, = 0.07% and increased when= 0.9%. This implies that within this range

of vertical steel reinforcement, the degree of restrany still decrease with time even if some
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amount of vertical steel reinforcement is present.Heurinvestigation is, therefore, required
into the effect of vertical steel reinforcementaati
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Figure 8 Experimentally obtained variation of the degree of restgtittie joint with time

3.5. Comparison of the Restrained Strain and Tensile Strain Capacity of Concrete

A comparison of the development of restrained staththe tensile strain capacityw)

of concrete with time is presented in Figure 9. The leessiength and modulus of elasticity of
the concrete were experimentally obtained at 28 days age@indevelopment with time was
estimated using the Eurocode expressions. From Figure 8, liecseen that the tensile strain
capacity of concrete, calculated by dividing the terstilength by the modulus of elasticity, is
exceeded during the first week after casting. However, irexperiments, no cracking was
observed during this time; in fact, cracking occurredsh2eonly and in that too the first crack
was witnessed during thd'8veek after casting. Bamforth (3) in CIRIA 660 quoted the work
by Tasdemir (24) and stated that the value of tensénstapacity obtained from the ratio of
tensile strength to the modulus of elasticity represztaser bound value. The stresses caused
in the concrete due to early age thermal and shrinkagesefépresent a sustained loading and
it was therefore suggested that the tensile capacityrafrete increases due to creep relaxation
and a reduction in the failure stress due to the sustaindimhdodrigure 9 also compares the
restrained strain with the tensile strain capacitguated on the basis of the CIRIA 660
recommendations; interestingly, it was found that theae®d strain in the middle part of the
wall exceeded the tensile strain capacity of the condfetdays after casting, which is almost
similar to when the cracking in the wall was observed. Toezgit is concluded that Eurocode
2 underestimates the development of the tensile stegiacity of the concrete and that the
recommendations in CIRIA C660 for predicting the tensilaistcapacity of the concrete are

more reasonable. Although since the predicted crack was @adis than the crack observed
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during the test, this suggests that the theory for tertsden apacity, although appropriate,

still needs some fine tuning.
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Figure 9. Comparison of the restrained strain and testsdén capacity of concrete

3.6. Observed Cracking

At the start of this investigation, based on overall eurtbeory, cracking due to the
restraint of early age thermal and shrinkage imposed st@ird be expected in the walls only
a few days after casting. However, in the case of tesb tracking was observed during the
entire duration of the test. In test 2, no cracks wesemid during early ages, however, with
time and an increase in the degree of restraint thecfiesgk occurred 51 days after casting.
The first crack formed on both faces of the wallslmbat the same location along the length.
The crack did not start at the joint, rather at 200 mm ati@/int; it then propagated upwards
and downwards over the wall height. Although it is generaliggieed that cracking due to
restrained volume changes is primarily caused by thexneistif early age thermal contraction,
in this study it was apparent that the increase in iasttastrain is continuous and drying
shrinkage can also play an important role in the occoerefcracks. After the appearance of
the first crack, the wall was monitored for another fwaeks during which time further cracks
were formed. The four other small cracks appeared at elifdocations in the wall and are
shown in Figure 10. These cracks were numbered, on bot) fazerding to the sequence in
which they appeared. Like the first crack, cracks 2 andalstarted a distance above the joint
location and then propagated upwards and downwards. Howewk 3caad 5 on face 1 and
crack 3 on face 2 initiated close to the joint and then prapdggwards. The fact that the
cracks did not initiate at the joint can be attributed talbing action of the base on the cracks
as mentioned by Bamforth (3T.he cracks observed in the walls did not propagate dowe to th
joint between the wall and the restraining base and therdie amount of load transferred to

the base due to cracking could not be investigated. Cracksaidthat different locations
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along the crack were also measured using the portable napesCrack widths were seen to
increase with time and the maximum crack wi@ithmay) was observed in crack 1; this was 0.3
mm on face 1, occurring 390 mm above the joint, and 0.24 nfiacer?, occurring at 375 mm
above the joint. According to the findings of Kheder &)eder, Al-Rawi (8) and Bamforth
(3), the maximum crack width in an edge restrained wall gcaua height of approximately
10% of the length of the wall which in this case is equ@a®mm. The maximum crack width
in the test occurred at a height between 11-12% of thelevajth. This maximum value of
crack width was reached in the second week after the iortiafithe first crack and thereafter
remained constant for the remaining duration of the manggeriod. Theoretically, the crack
width was calculated using the theory given in BS EN 199222} This gave the value of
maximum crack width for the tested wall to be 0.13 mm, whigiie a lot less than the values
obtained experimentally. It should also be noted thaddgree of restraint at the point of
initiation of the first crack was 0.55 and at the lamatf maximum crack width it was 0.39.
However, the maximum value of the degree of restraintOn&z at the joint between the two

members.
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Figure 10. Observed cracking in the wall during test 2: (@ faduring 1st week; (b) face 2 during 1st week; (c) face
during 4th week; (d) face 2 during 4th week

4.  Finite Element Analysis

4.1. Introduction

In light of the experimental results, finite elementdals were prepared and calibrated
against the results obtained. The finite element aisalyas performed using MIDAS FEA.
Linear and Nonlinear static analysis were performed in MII&® for the above mentioned

models.
4.2. Finite Element Modelling

In order to correctly simulate the experimentally obtaibhetlaviour of the wall, and
assess the effect of restraining any curling of the baseditierent restraint conditions were
modelled for both vertically reinforced and unreinforced waatld the results were compared
to those obtained during the tests. Each wall was assignedj@e code for identification
comprising a letter and a number; the letter U and R represent the walls ‘Unreinforced’ or
‘Reinforced’ with vertical steel reinforcement and the number indicates the support conditions

as explained below:
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a. Support condition 1. Wall was modelled with its bottom nodes fixed geesent total
restraint.

b. Support condition 2. Wall and base slab were modelled and the hudties of the base
slab fixed to represent total restraint applied to the Habe s

c. Support condition 3. Wall, base slab and the floor were modaeligh that the slab was
connected to the floor using elastic links. This represeatpartial restraint imposed on
the base slab by the floor.

d. Support condition 4. Wall and floor were modelled such that thewvealiconnected to the
floor using elastic links. The stiffness for the elastik klements was determined from

the experimentally observed behaviour of the base slab.

The wall, base slab and the floor were modelled using 20dntidee dimensional
hexahedron solid elements (50mm). Figure 11 shows the fielbeeat meshes used in the
analysis for each type of support condition. In order dad@hthe concrete, a total strain based
cracking model involving a rotating crack model was used. Theiléebehaviour of the
concrete was modelled using the nonlinear function proposed taljid®5), which provides
a nonlinear softening curve for predicting the post crackamgile behaviour of concrete
assuming that the stress gradually reduces to zero at amateltistrain, ¢, =
5.136 (G}/fcthe), where G is the mode | fracture energy of concretgisithe element size
and ;is the concrete tensile strength. Fracture enertfyeafoncrete was calculated according
to the Model Code (23). The reinforcement was modelled usingrtieedded bar in solid
elements, which assumes a perfect bond between steebacete and adds the stiffness of
the reinforcement elements to the mother elementweifitite element formulation. Material
properties were obtained from the experimental testsuaed as input in the models. Time
independent analysis were performed in which the materiajgefies were not varied with
time. Taking advantage of the symmetry of dimensiorieforeement, loads and boundary
conditions, only a quarter of the wall was modelled in ptdeeconomize the computational
effort. The thermal contraction and shrinkage obsermdtié walls during the experimental
study were simulated using the thermal loads assigneddastemperatures to each element.
The assigned temperatures were varied over the heighleagth of the wall as observed

during the tests.
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Figure 11. Finite element mesh used in the analysgisuggort condition 1; (b) support condition 2; (c) support cond&io
(d) support condition 4

4.3. Finite Element Analysis and Results

The Newton Raphson iteration scheme was employed foingtgdhe nonlinear solution
in which the energy and displacement norms for a e@ance tolerance of 0.001 were
satisfied. Linear analysis was utilized for calculating tlegree of restraint, whereas the

cracking behaviour was observed from the nonlinear anafysim the analysis results, it was
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seen that with an increase in the thermal contractienstress increases in the wall; onee th
tensile stress exceeds the tensile cut off value rdtk @ppears. On the occurrence of a crack,
the stress in the vicinity of the crack is seen tgdnad with a further increase in contraction,
the stress in the remaining parts of the member acates)lresulting in another crack at a
different location, which also relieves the stressally. This is in line with the guidance
provided by and Bamforth (3) with respect to the formatiocracks under edge restraint. The
degree of restraint for each of the modelled cases walaslated using the obtained strain
values. The degree of restraint over the height ofeddined from the finite element analysis
was compared with the values obtained experimentally (ge&2Hja) and (b) for test 1 and 2,
respectively). The variation of the restraint with Intigzas observed in all of the modelled
scenarios. The degree of restraint obtained from thee felement analysis for case 1 and 2
exceeds the values obtained during the tests. The degresti@int obtained for case 3 is
important as it shows the effect of curling on the rastnarofile. The profile of restraint
matched the experimental values over the lower two thirdiseoivall, however, near the top
the software predicted less restraint as a small améwaingpression will be induced at this
point from the curling (compare this with the experimewsdies where the restraint measured
tended to increase near the top due to the induced tensiondtgrarmitting curling to occur).
Case 4 predicts the variation of restraint over #ight reasonably well for both tests. The
finite element study presented in this section also, fiverehighlights the importance of
correctly simulating the actual support conditions -itas appropriate to consider the wall or
the base slab edge totally restrained from movement andetigamism supporting the base
slab needs to be incorporated in the finite elemealyais. In practice, when the base slab is
cast on sail, soil structure interaction may be medelising the springs incorporating the
modulus of subgrade reaction of the soil. However, sineddsts in the present study were
conducted in the laboratory and the slab was cast oalbeatory strong floor, and a special
clamping mechanism was used to prevent the development ofureriathe slab, the use of

elastic links for simulating the behaviour of the bdab appeared to be an appropriate option.
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Figure 12. Comparison of experimentally obtained restfaatbrs with those obtained using the finite elemeatysis: (a)
comparison with test 1; (b) comparison with test 2

Owing to the different support conditions, the strain peafitracking behaviour of each
modelled wall was also different, despite having similar logadind material properties. Finite
element models U3 and U4 did not develop any cracks, howeubg tase of walls U1l and
U2, cracks were formed as indicated in the strain profdeséch of the U-series walls in
Figure 13. Formation of these cracks is obviously contmatige experimental findings and is
attributed to the applied boundary conditions simulating a tesalaint. In the case of the R-
series walls, each of the modelled walls developed craskshavn by the strain profiles in
Figure 14. An unrealistic depiction of total restraint inlgvdd1l and R2 induced full height
cracks whereas, in the case of walls R3 and R4, in whieteldstic links were used, the
developed cracks did not propagate over the full heigtiteofvall. The cracks that developed

in wall R4 can be related to those obtained in test 2 inhwthie first crack appeared close to
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the centre of the wall and, with an increase in trermal contraction, the second crack
appeared in between the free end and the first crack. Rflpredictions bear close
resemblance to the cracks obtained in test 2 except tletok can be seen close to the free
end of the modelled wall. It is anticipated that the adogtguerimental methodology of
clamping the base slab to the floor induces tensilestgenear the free ends of the wall which
led to the crack forming close to the ends. From the cragbatterns and the restraint
variations obtained using the finite element modetaritbe inferred that modelling of the real

time support conditions has a significant importance.

(b)

(©
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Figure 13 Strain profile of U-series wall obtained using the &rétement analysis: (a) wall U1; (b) wall U2; (c) waB;U
(d) wall U4
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Figure 14. Strain profile of R-series wall obtainedhgghe finite element analysis: (a) wall R1; (b) wall R2;wall R3;

(d) wall R4

5. Conclusions

This investigation provides sufficient evidence to suggest that:

a.

The vertical steel reinforcement present at the jo@ttveen the restraining base and
the edge restrained wall has a significant impact on theedegrestraint to imposed
strains. This increase in restraint, also with time, ssiggdat the current guidance is
flawed.

To fully understand the mechanism of edge restraint fiteiessary to quantify the
thermal exchanges between the wall and the basecathienly be done when using a
concrete base; experimental investigations using stesgsbare misleading and
inappropriate.

As recommended by Bamforth (3), the stresses induced due ycaagarthermal and
shrinkage effects represent sustained loads and under tiaelsethe tensile strain
capacity of the concrete increases.

Drying shrinkage can play a significant role in the devalept of cracks.

Maximum crack width does not occur at the location of marmmestraint; this occurs
at some height above the joint location with crackgpagating both upwards and
downwards.

When estimating the degree of restraint imposed on theitvallmportant to take into
account the real base support conditions.

The current guidance still potentially underestimates thealues— CIRIA C660
predicts 30 °C; the measured value was 33 °C. However, d bewiewed that the
CIRIA value is still conservative as if the temperatheating and cooling profile is
compared directly with the time-dependent change ofpcession to tension in the

section, the stage that the section theoreticallys ga® tension is at a temperature
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below peak temperature, so it is logical not to measurpeeture drop from peak

temperature.
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