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Abstract

Production of cement accounts for around 5% of human-made carbon emissions. When the selection of a
cement-intensive mix with low porosity is driven by durability requirements, the resulting low permeability of
the material is only fully exploited in peripheral regions of the element where the material acts as a physical
barrier against the penetration of aggressive substances. This paper explores the potential of casting layered
prismatic elements composed of an external durability layer and a lightweight core section as a means to
achieve cement and weight savings. Layered elements are traditionally obtained by casting new concrete layers
onto already hardened older concrete layers. A major problem with this technique is that planes of weakness
are obtained at the interfaces between the layers. The bond between the layers can be improved by casting the
materials at approximately the same time. However, research to date has not yet demonstrated the viability of
producing elements with wet cast external layers. Furthermore, the effects of delays between successive pours
on the mechanical tensile performance of the interfaces in layered elements have not been quantified. An
original method is presented to form prismatic elements composed of an external durability layer and a
lightweight core section by casting two concrete mixes at approximately the same time. The approach is
validated by realising a proof-of-concept prototype layered element. A set of additional layered elements are
cast with various pour delays and cored across the interface between their layers to characterize the interlayer
bond strength by direct tension. To interpret the mechanisms affecting the bond, the variation of tensile bond
strength with the location of the sample and the impact of roughness are also investigated. When the pour delay
was minimal, failure did not occur at the interlayer. The relationship between pour delay and bond strength is
markedly nonlinear, with bond strength reductions of more than 30% for pour delays of only three hours. It
was also found that the bond strength of the interface varies significantly with the considered location and that
up to 40% of the bond strength reduction due to a delay between the castings can be recovered by roughening
the surface of the older concrete prior to casting the newer mix. The successful realisation of wet cast prismatic
elements with an external durability layer is an important step towards the realisation of light-weight layered

concrete elements with low embodied energy.
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1 Introduction

The industrial production of cement, the main ingredient of concrete, is responsible for about 5 % of the global
carbon emissions [1]. Hence, there is an urgent need to develop technologies aimed at minimising the use of
cement in concrete structures. Experimental evidence has shown that material savings of up to 40 % can be
achieved while preserving structural strength by designing functionally layered elements, i.e. composite
concrete members composed of layers of different concrete mixes [2—5]. Functional layering allows mixes
with high cement contents to be placed only where they contribute to one or multiple functions of the element,
thereby allowing for significant cement savings in other areas. Furthermore, lightweight mixes can be used in
the regions where high-density mixes are not needed, thereby minimising the overall weight of a structural
element. Consequently, dead loads are reduced, more slender elements are designed, and less material is
consumed. The aim of this paper is twofold. First, to establish a design concept, based on the idea of functional
layering, to reduce both the cement content and the self-weight of precast concrete beams when the mix
selection is driven by durability requirements. Secondly, to develop a suitable production process for
lightweight low-cement functionally layered elements and to investigate the effects of delays between

successive pours on the bond between different concrete mixes.

When the selection of a concrete mix with high cement content is driven by durability requirements, the low
permeability of the material is only fully exploited in peripheral regions of the element where the material acts
as a physical barrier against the penetration of aggressive substances. The penetration of fluids and gases can
be delayed by minimizing the concrete permeability, extent of cracking and crack widths [6,7]. The
permeability of the material is generally limited by selecting cement-intensive mixes characterised by low-
porosity. High-cement-content strain-hardening Engineered Cementitious Composites (ECCs) can also be
designed to minimize the extent of cracking and crack widths [8—10]. These approaches mitigate the ingress
of chlorides or CO; [6,11] and reduce the propensity for the corrosion of internal steel reinforcement. However,
in a structural element with a homogeneous concrete composition the durability requirements then dictate the
cement content throughout. The present work explores functional gradation for cement reduction in prismatic

pre-cast concrete beams. Low-permeability cement-intensive mixes are used only in external exposed layers



to ensure the overall durability performance of the element. High-porosity lightweight materials with lower

cement contents are then assigned to core areas to achieve substantial cement and weight savings.

Consider as an example a precast concrete beam designed to act compositely with a floor slab [12] (see Figure
1a). To protect the steel reinforcement against the ingress of aggressive materials through the bottom and lateral
surfaces, a composite section with a relatively low-porosity U-shaped external protective layer and a core of
relatively high-porosity material can be designed (see Figure 1b). In Figure 1b, the relatively low- and high-
porosity materials are denoted as A and B respectively. The cement savings S, and weight savings

S, compared to a homogeneous beam of low-porosity material (Figure 1a) can be expressed as:
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where Cpom and Ciqy, are the cement contents per unit length (expressed, for example, in kg m?) in the
homogeneous beam and in the layered beam respectively, ¢4 and cg are the cement contents per unit volume
(expressed, for example, in kg m™) of Material A and Material B respectively, A; and Ay are the cross-sectional
areas of the internal core and of the entire composite section respectively, Wy, and W), are the weight per
unit length of the homogeneous beam and of the layered beam respectively, and p, and pp are the mass-
densities of Material A and Material B respectively. The cement and weight savings are directly proportional

to the ratio between the area of the core section and total area of the composite section.
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Figure 1 Prismatic pre-cast concrete beams: (a) typical cross-section with homogeneous concrete
composition and (b) functionally layered beam section with a low-porosity U-shaped external protective
layer.

Two virtual materials, denoted as A and B1, were designed according to the BRE mix design method [13] to
explore the potential to save cement by using mixes with a low water/cement ratio only in the external layers.
A minimum compressive strength of 35 MPa was assumed. Water/cement ratios of 0.40 and 0.60 were selected
resulting in cement contents of 450 and 300 kg m™ for materials A and B1 respectively. This resulted in a
relatively low-porosity cement-intensive protective external layer. An additional virtual material, denoted as
B2, was designed using the mix proportions of material B1 as a baseline and substituting traditional quarried
aggregates with lightweight aggregates that are 50 % lighter. The design parameters, design density and
strength of the virtual materials A, B1 and B2 are reported in Table 1. With reference to the geometric
parameters defined in Figure 1b and assuming a height to breadth ratio h/b of 2, the cement and weight savings
as a function of the beam height h for thicknesses t of the external layer in the range of 30 — 50 mm, are plotted
in Figure 2a and Figure 2b respectively. Figure 2a shows that, for the considered parameters, cement savings
of more than 25 % may be achieved by selecting a low water/cement ratio for the external layer only. Greater
savings are generally obtained for larger beams, where the core area represents a larger portion of the total
cross-sectional area. Figure 2b shows that weight savings of more than 30 % can be achieved through
functional layering. Varying the thickness t of the external layer in the range between 50 mm and 30 mm has
an impact in terms of both the cement and weight savings e.g. reducing t from 50 to 30 mm allows the relative

cement savings to be increased by up to around 50 %.
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Figure 2 Potential cement and weight savings for a beam with height h for various values of thickness t of
the external layer, assuming h/b=2: (a) Percentage of cement savings S using Materials A and B1, and (b)
Percentage of weight savings Sy, for Materials A and B2.

Table 1 Mix compositions, design density and strength of the virtual materials A, B1 and B2.

Parameter Unit Material A  Material Bl  Material B2
Cement CEM 1 [kg m™] 714 385 385
Water [kg m™] 250 250 250
Sand 0/4 mm [kg m™] 913 1286 -
Gravel 4/10 mm [kg m™] 468 350 -
Lightweight sand 0/4 mm [kg m™] - - 643
Lightweight gravel 4/10 mm [kg m™] - - 175
Design density p [kg m?] 2345 2271 1453
Design compressive strength f- [MPa] 70 33 33

Functionally layered elements can either be produced by sequentially adding new layers when the existing
ones have already set and hardened or by casting multiple mixes at approximately the same time. These two
techniques are referred to as fresh-on-hardened and fresh-on-fresh casting respectively [5]. Fresh-on-hardened
casting methods are relatively well-developed owing to their widespread use in the precast industry, where
precast concrete elements are combined with additional layers cast in situ to enhance strength and durability.
Common applications include bridge decks with topping layers [14,15], structural connections between precast

elements [16] and precast U-shaped shell units within which a different concrete mix is cast in situ [17].

However, a major problem with fresh-on-hardened casting is that a surface of weakness, commonly referred

to as cold joint, is generally obtained at the interface between different concrete layers [5,18,19]. The adhesion



between newer and older concrete layers strictly depends on the workmanship and cleanliness of the interface
on pouring. Owing to the variability in the quality control on construction sites, the effectiveness of the bond
can be limited. An additional factor limiting the adhesion between layers is differential shrinkage. In common
concrete mixes, most of the drying shrinkage contraction generally occurs within the first few months after
casting [9]. Thus, in practical fresh-on-hardened applications involving long times between pours, gradual
shrinkage contractions develop in the new layers that are restrained by the older concrete. Consequently, tensile
stresses and associated micro-cracks may develop in the proximity of the interface that can potentially reduce
its load carrying capacity. Hence, the interface between new and old concrete layers is generally weaker than

either of the two materials [20,21].

The effectiveness of the interlayer bond in functionally layered elements can potentially be improved through
fresh-on-fresh casting, i.e. by casting the layers at the same time or sequentially with a relatively short delay
[5]. When multiple layers are mixed and cast within relatively short time, the different materials can intermix,
hydration reactions can take place across the interfaces and a chemical bond can develop between the layers.
A further practical advantage of using fresh-on-fresh casting is the potential for significant reduction in

manufacturing time.

Existing experimental studies on the effects of pour delays on the mechanical performance of cold joints have
primarily focussed on structural elements with homogeneous concrete composition. When, for example, two
concrete batches are required to realise a relatively large structural element and the pour of the second batch is
delayed, the initially poured batch might have started to set at the time of the second pour [9]. Consequently,
effective knitting together of the two batches of concrete through vibration might not be possible and the
interface between the two batches is a potential cold joint [22-24]. Owing to difficulties in achieving good
compaction, small voids and relatively high porosity might be expected in the proximity of the interface that
locally increase the permeability to aggressive substances [24]. Thus, pour delays play a critical role in the

structural behaviour and mass transport mechanisms of homogeneous concrete elements.

However, research to date has not yet studied the effects of delays between successive pours on the mechanical
performance of the interfaces in functionally layered elements. This knowledge is urgently needed to inform
design and production processes for tailored structural elements, thereby enabling safe realisation of optimised,

low-carbon concrete structures.



This work makes a fundamental contribution to research on functionally layered concrete by demonstrating
the feasibility of fresh-on-fresh prismatic structural elements with durability layers and studying for the first
time the effects of delays between successive pours on the bond between different concrete mixes. The original
fresh-on-fresh casting method is based on the use of temporary vertical panels to produce layered concrete
elements composed of 1) an external U-shaped layer of low-permeability concrete with high cement content
and i1) a section core of lightweight concrete with low cement content (see Figure 1b). The method is validated
by realising a prototype prismatic U-layer element that represents a proof-of-concept for future production.
Additional elements are cast with pour delays of up to 48 hours to establish the relationship between pour delay
and interface bond strength. The interface bond strength of each element is characterised by coring cylindrical
samples across the interface and testing them in direct tension. To interpret the mechanisms affecting the bond,

the variation of bond strength with the location of the sample and the impact of roughness are also investigated.

2 Production method

A major challenge in the adoption of fresh-on-fresh casting methods is the control of the fresh state
deformations of the layers. When layers of different materials are cast within the same mould, material density
differentials may result in shear stresses that cause the heavier materials to flow underneath the lighter ones
[5,25]. In the present work, this phenomenon is referred to as global instability in the fresh state [5]. A plausible
instability for a composite section with an external U-shaped layer of relatively heavy material is represented
in Figure 3. If excessive fresh-state deformations occur, a spatial distribution of material composition is
obtained that differs from the one envisioned in the design. Hence, limiting the fresh-state deformations of the
layers is crucial to control the hardened-state properties of layered concrete elements. Production processes
and fresh-state properties of the concrete mixes must thus be suitably designed to limit the fresh-state

deformations of layered concrete elements.



a) b)

Figure 3 Schematic representation of the fresh state deformations of layered section with an external U-
shaped layer of relatively heavy material: (a) stable and (b) unstable behaviour.

In the fresh state, concrete behaves as a yield stress fluid, that is, a material that exhibits solid behaviour for
low shear stresses and starts to flow when a threshold shear stress is exceeded [26—28]. This threshold shear
stress, referred to as yield stress, depends on a number of factors including mix composition, time-dependent
chemical and physical reactions, and temperature [28—31]. When cast in conventional moulds, concrete must
be able to flow to fill all the voids. If stiff mixes with a limited ability to flow are cast, air is generally entrapped
in the form of large voids. Vibration is thus applied to fluidise the concrete and permit the entrapped air to rise
to the surface. Indeed, vibration allows the yield stress of the material to be temporarily lowered [32,33].
However, the amount of applied vibration must be limited as excess vibration may result in local instability
phenomena such as bleeding and segregation [29]. Mixes that require vibration to achieve good compaction
are commonly referred to as Conventional Vibrated Concrete (CVC). If, by contrast, the material is fluid
enough to flow under its own weight, good compaction is achieved without applied vibration. In this case, the
material is referred to as Self-Compacting Concrete (SCC). Vibration of SCC should be avoided as the

inherently low yield-stress of the material makes it particularly prone to bleeding and segregation.

In the case of functionally layered elements, production processes and rheological properties of the materials
must meet additional requirements. Fluidity of the mixes and vibration must be limited to reduce the fresh state
deformations. For this reason, most experimental studies on functionally layered concrete focused on the use
of CVC with limited or no vibration [2—4,8,34-38]. However, a major problem with these production methods
is the difficulty in achieving good compaction while controlling the fresh state deformations. Indeed, poor

compaction is generally obtained in the absence of vibration. On the other hand, difficulties arise in controlling
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the fresh state deformations with confidence if vibration is applied. This is because visual inspection of the
deformations at the core of an element is generally impossible. Furthermore, the complex interaction between
such factors as frequency, amplitude, acceleration and radius of action of the vibrator make it particularly
difficult to assess effects of vibration on the rheological properties of the mixes and thus on the fresh state

deformations of the element [28].

An original fresh-on-fresh casting method that combines the use of CVC and SCC is adopted here to achieve
good compaction and limit the fresh state deformations of layered concrete elements composed of an external
U-shaped layer and a rectangular core section. CVC is used for the external layer to provide the necessary
stiffness to limit the fresh state deformations of the layered system. The layer is cast and fully compacted with
the aid of removable panels that demarcate its shape on casting and vibration (see Figure 4a). SCC is then
poured within the core section (Figure 4b) and the panels are removed (Figure 4¢). The use of SCC ensures
adequate compaction of the core section without vibration, thereby eliminating the associated difficulties in
controlling the fresh state deformations of the layered element. The proposed fresh-on-fresh casting method
represents a proof-of-concept for future production of reinforced layered elements. Indeed, unreinforced
layered elements are cast through the aid of temporary panels that would not interfere with possible
reinforcement cages pre-placed in the core sections. Furthermore, the flowability of SCC makes the method

suitable to cast reinforced layered concrete elements with a congested reinforcement in the core.
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Figure 4 Fresh-on-fresh casting of a composite section composed with a U-shaped external layer: (a) casting
and vibration of the external CVC layer with the aid of removable panels, (b) casting of the SCC section core

and (c¢) panels removal.

3 Experimental design

A set of functionally layered elements were cast to illustrate the opportunity to reduce the use of cement through
functional layering and to investigate the effects of pour delay on the bond strength of the interface between
layers. The elements were composed of an external U-layer of low-porosity cement-intensive CVC and an
inner core section of lightweight low-cement SCC. The fresh-on-fresh casting method presented in the previous
section is implemented to cast six layered elements with different delays between the castings of the external
layer and the core section. Five elements are cast with pour delays of 0, 3, 6, 24 and 48 hours respectively. An
additional layered element is produced with a pour delay of 48 hours and a rough interface between the two
layers to investigate the effects of the roughness on the effectiveness of the bond. Once the elements had
hardened, six cylindrical specimens were cored across the interface between the two materials at different
locations to investigate the effects of the fresh-state stresses developing across the interface on the hardened-
state bond between two layers. This resulted in 36 bi-layered cylindrical specimens that were tested in direct
tension. The material properties of the single mixes were characterised through cube compressive tests and
direct tension tests on cylinders cored from single-mix concrete cubes. Three compression tests and three direct
tests were performed for each of the seven batches mixed, resulting in 21 tensile tests and 21 compressive tests

for material characterization.
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3.1 Casting

The fresh-on-fresh casting method presented in section 2 is used here to cast six unreinforced layered elements
with different delays At between the castings of the external layer and the core section. No reinforcement was
embedded in the elements with a view to characterize the effectiveness of the bond between the two layers by
coring cylindrical concrete samples across the interface without cutting reinforcement bars. The composite
concrete prisms were composed of a 50-mm-thick U-shaped external layer of relatively low-porosity material
and a 100-mm-wide core section of relatively high porosity material, with overall dimensions 200 x 300 x 300
mm?®. The target geometry of the layered elements is shown in Figure 5. Five elements, denoted as DO, D3,
D6, D24 and D48, are cast with pour delays of 0, 3, 6, 24 and 48 hours respectively. An additional layered
element, denoted as D48R, is produced with a pour delay of 48 hours and a rough interface between the two

layers to investigate the effects of the roughness of the interface on the effectiveness of the bond.
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Figure 5 Target geometry for the layered prisms: (a) axonometric view and (b) cross-section AA.

Table 2 Delay At between the castings of the external layer and the core section, and treatment of the
interface for each specimen.

At Roughened
Element ID [hours] interface
DO 0 No
D3 3 No
D6 6 No
D24 24 No
D48 48 No
D48R 43 Yes

Rectangular wooden moulds equipped with two vertical removable panels were designed to cast the layered

elements (see Figure 6). The internal dimensions of the moulds were 200 x 300 x 350 mm?. Four vertical
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grooves were cut into the internal surfaces of the short sides of the moulds to host the removable panels
demarcating three distinct regions (see geometry in Figure 6). The removable panels were acrylic glass sheets

with a thickness of 4 mm.

Material Removable Removable
Level panels panels

BN T ZEAN

350
300

'50' 100 50| '50! 100 |50

b) c)

Figure 6 (a) Mould equipped with two removable panels, (b) traverse section and (c) plan view.

Figure 7 summarizes the main casting operations. For all the elements, the external U-shaped layer was cast
first (see Figure 7a-c). The panels were inserted into the base of the mould to demarcate the regions within
which the CVC for the bottom and lateral parts of the external layer was poured (see Figure 7a). To achieve
full compaction of the poured material, vibration was applied with the panels in place. Following compaction

of the three distinct masses of concrete, the panels were lifted by 50 mm, thereby creating voids that were not
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fully filled by the concrete due to its relatively high yield stress (Figure 7b). A gentle vibration was thus applied
with the panels in the lifted position to temporarily reduce the yield stress of the material, thereby triggering
concrete fluid flow and filling the voids (Figure 7¢). This procedure allowed the external layer to be fully

compacted with limited and controlled deformations.

The core section SCC was then poured. For element DO, the core material was mixed at the same time as the
external mix and poured immediately after compaction of the external CVC layer. For elements D3, D6, D24,
D48 and D48R, the core section material was mixed and poured with a time delay At of 3, 6, 24, 48 and 48
hours respectively. For elements DO and D3, the removable panels were removed immediately after pouring
of the core section material (see Figure 7d and Figure 7e). This allowed the two external columns of materials
to always be supported by either the removable panels or by the confining pressure offered by the core section
SCC. By contrast, elements D6, D24, D48 and D48 were obtained by lifting the panels 4 hours after casting of
the external CVC layer, that is, prior to casting of the core section material (see Figure 7f and Figure 7g). This
allowed the external layer to be supported on setting and the vertical panels to be extracted with ease. For
specimen D48R, the three inner surfaces of the external layer were roughened 4 hours after casting following
the extraction of the panels. A wired brush was used to expose the aggregates and create a rough interface
between the two materials. A summary of the delay between castings of the external layer and the core section,

and treatment of the interface for each specimen is provided in Table 2.
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Figure 7 Main casting operations for all of the six elements. Casting of the external layer: (a) pouring of the
external layer material, (b) partial lifting of the panels and (c) vibration. Casting of the core section for
elements DO and D3: (d) pouring of the core section material and (e) panels removal. Casting of the core
section for elements D6, D24, D48 and D48R: (f) panels removal and (g) pouring of the core section
material.
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3.2 Materials

The mix compositions of the materials for the external layer and the core section were designed with a view to
achieve a significant porosity differential in the hardened state, as well as rheological properties that allowed

for effective compaction and limited deformations in the fresh state.

To achieve a significant differential in porosity and, consequently, a significant differential in cement content,
water/cement ratios of 0.40 and 0.65 were adopted for the external layer and the core section respectively.
Furthermore, foam was used in the internal core material for a further increase in the porosity of the cement
paste. This resulted in cement contents of 450 and 277 kg m™ in the external layer and core section respectively.
A weight differential of around 400 kg m™ between the two mixes was also obtained by combining the use of
foam and lightweight aggregate for the core section material. According to equations (1-1) and (1-2), the
adopted materials and cross-section geometry (see Figure 5) allow for cement savings S of 16 % and weight
savings Sy, of 7 %. By using a PCE superplasticizer, typical CVC and SCC workability levels were achieved

for the external layer and the core section material respectively.

Table 3 shows the composition for the two mixes. A standard Portland-limestone cement CEM II/A-LL
strength class 32.5R complying with European Standard EN 197-1 [39] was used. The maximum particle
diameter of the sand and the gravel were 4 mm and 15 mm respectively. Lightweight aggregate made from fly
ash with a maximum particle diameter of 8 mm was used. A surfactant based foaming agent was used to
introduce foam in the mix and a high-range PCE superplasticizer complying with the European Standard BE
934-2 [40] was used to achieve the desired workability levels. To visually distinguish the two mixes, a red
mortar dye based on powdered oxide pigments was used in the mix for the external layer. The densities of the

single mix constituents are reported in Table 4.
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Table 3 Mix compositions for the external and internal layers.
*Superplasticizer content expressed in terms of % of cement mass

Constituent Unit External layer (E) Core section (I)
Cement [kg m™] 450 277
Water [kg m™] 180 180

Sand 0/4 mm [kg m™] 769 720
Gravel 4/15 mm kg m>] 979 -

Lytag 0/8 mm [kg m™] - 529
Superplasticizer* [%] 4.2 39

Foam [L m?] - 50
Concrete dye [kg m™] 8 -

Table 4 Densities of the mix constituents

) Density
Constituent (kg m?]
Cement 3200
Water 1000
Sand (0/4 mm) 2600
Gravel 4/15 mm 2600
Lytag 0/8 mm 1500
Superplasticizer 1100
Foam 50
Concrete dye 3000

Two batches of external layer material, denoted as E1 and E2, and five batches of core section material, denoted
as I1 to IS5, were mixed. A summary of the concrete batches used for the external layers and the core sections
of each element is provided in Table 5. The material for the external layer was mixed in a vertical-axis
rotational mixer. Cement, sand, gravel and mortar dye were mixed for 2 minutes in order to obtain a
homogenous dry blend. The water was then added gradually while the mixer was running and the mix was
mixed for an additional 2 min. By contrast, the mix for the core sections was mixed in an inclined drum mixer.
The relatively gentle folding action allowed the foam to be blended uniformly without collapsing the foam
bubbles. Dry cement, sand and mortar dye were first mixed for 2 minutes. Water was then added while the
mixer was running and the resulting mortar was mixed for 2 minutes. Once a homogeneous mortar was
obtained, foam was added and the blend was mixed for an additional 2 minutes. The foam was produced by

whisking a 3 % strength foaming-agent solution for 2 minutes using a mixer attachment fitted to a power drill.
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Lightweight aggregate was finally added and the resulting mix was mixed for 2 minutes. Adding the

lightweight aggregate at the end of the mixing processes allowed the collapse of the foam to be minimised.

Table 5 Batches used for six layered-elements.

Element ID Batches ID
External layer (E) Core Section (I)
DO El I1
D3 E2 14
D6 El 12
D24 El I3
D48 E2 I5
D48R E2 I5

3.3 Rheological and strength measurements

The rheological properties and wet densities of each batch of concrete were measured around 10 minutes after
mixing and immediately before casting the layered elements to obtain a reliable assessment of the instantaneous
values. The yield stresses of the CVC external layer and SCC core section materials were measured through
slump and LCPC-box channel flow tests respectively. For the core section material, the LCPC-box test was
preferred to a classic slump flow test as it generally gives more reliable results in the case of SCCs [41]. This
is due to the fact that, when the slump flow tests are performed on SCC, the thickness of the sample at flow
stoppage is often of the same order as the size of the largest particles [41]. The wet density of the mixes was

measured indirectly by weighing a volume of 8 litres of material.

The slump tests were performed in accordance to the European Standard EN 12350-2 [42]. The yield stress 7
was then calculated as a function of slump s and wet density p through the analytical relationship reported in
[43] for slumps in the range of 50 — 250 mm. The LCPC-box channel flow tests were performed according to
the procedure defined in [41]. The test measures the ability of a volume of 6 litres of fresh concrete to flow
through a wooden box having a length of 120 cm, a width of 20 cm and a height of 15 cm. The spread length
L in the box at flow stoppage is measured. The yield stress was then assessed as a function of spread length L
and wet density p through the analytical expression presented in [41] that has been validated in [41] and [44]

against rotational rheometers measurements.
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To characterize the compressive and tensile strength of the materials, six 100-mm-cubes were cast for each of
the seven batches of concrete (E1, E2, I1-I5). Three of the six cubes cast for each batch were used to
characterize the compressive strength while the remaining three cubes were used to characterize the tensile

strength.

34 Curing, coring and cutting

The layered elements were cast as described in section 3.1 and covered with plastic sheets immediately after
casting. When the two materials were poured with a time delay, plastic sheets were applied immediately after
casting of the external layer and then temporarily removed to cast the inner core sections. Approximately 48
hours after casting of the core section material, the specimens were demoulded, wrapped in plastic sheets and

left to cure for 14 days. Figure 9 shows specimen DO after curing and demoulding.

The six control cubes cast for each concrete batch were cured in a curing tank. Three of the six specimens were
tested in compression following 28 days of curing. The remaining three cubes were extracted from the tank
after 14 days of curing to core cylinders with a diameter of 46 mm as illustrated in Figure 8. The cores were
wet-drilled between 14 and 18 days after casting using a power coring-machine using a cylindrical diamond
coring-tool. The cored cylinders were then tested in direct tension 35 days after casting following the

methodology detailed in the next section.

iy Rl

XA 146

a) b)

Figure 8 Production of cylinders for the characterization of the material’s tensile strength: (a) concrete cube
and (b) drilled core cylinder.

Cylindrical cores were also taken across the interface between the two layers of the composite U elements 14
to 18 days after casting of the internal layer (see Figure 10). Two horizontal and two vertical cores were drilled
for each of the six U elements. Figure 10 shows the location of the cores. The distance between the axis of a
core and the top surface of the layered element is herein referred to as core location depth d. The two horizontal
cores were taken at different depths d of 75 and 145 mm to investigate the effects of d on the bond strength

between the two materials. To obtain layered cylindrical specimens with a height of 100 mm, the horizontal
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and vertical cores were cut as shown in Figure 11a and Figure 11b respectively using a table circular saw. As
illustrated in Figure 11, two specimens were obtained from each horizontal core while only one specimen was
obtained from each vertical core. This resulted in six layered specimens for each element: two specimens
(denoted as V1 and V2) cut from the vertical cores, two (denoted as HT1 and HT2) from the top horizontal

core and two (denoted as HB1 and HB2) from the bottom horizontal core.

Figure 9 Specimen DO after demoulding
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Figure 10 Location of the vertical and horizontal cores: (a) axonometric view of a layered specimen, (b) cross
section and (c) lateral view.
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Figure 11 Cutting of (a) horizontal and (b) vertical cores into layered cylindrical specimens with a height of
100 mm.

Following coring, the full prismatic U layered elements were cut in half along the vertical plan parallel to their
short side using a table circular saw. This allowed the middle sections of the specimens to be visually inspected
and photographed with a high-resolution camera (see Figure 12a). To minimise perspective distortions
upstream, the camera was mounted on a tripod such that the focal plane was parallel to the cuts. The residual
perspective distortions were then eliminated in a raster graphic editor by marking four reference points on each
cross section (see Figure 12b). The maximum thickness t of the external layer at the bottom of the element

was measured as an indicator of the fresh state deformations of the element (see Figure 12b).
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Figure 12 Analysis of the middle cross-section of a layered element: (a) photo and (b) CAD representation.

3.5 Tensile tests

The single-material cylindrical specimens prepared for material characterization and the layered specimens
prepared for bond strength assessment were tested in tension in accordance with the European Standard EN
14488-A [45]. To determine the tensile strength of the materials and interfaces, tensile stresses were applied

until failure through a hydraulic testing machine with a capacity of 30 kIN.

As described previously, all the specimens were cored between 14 and 18 days after casting. Cylindrical steel
dollies with a diameter of 46 mm and thickness of 20 mm were manufactured and glued onto the end sections
of the cylinders between 20 and 24 days after casting (see Figure 13). A threaded hole was machined on one
of the flat surfaces of each dolly to allow for a connection with the testing rig. The dollies were glued to the
concrete specimens by using a two-part cold-curing structural adhesive based on epoxy resin with a tensile
strength of 10 MPa. Alignment between the steel dollies and the specimens was ensured by using 90-degree
steel angle corners on gluing. The glue was left to cure for at least 10 days. The dollies were then connected to
the main load frame through double-hinged swivel connections to allow for any residual moment load to be

released. The test setup is shown in Figure 14. All the tests were performed 35 days after casting.
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Figure 13 Layered specimen with glued steel dollies: (a) schematic representation and (b) photo.
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Figure 14 Tensile test set-up
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4 Results

4.1 Material properties

Table 6 summarizes the measured fresh and hardened-state material properties. For all the elements, the
material of the external layer exhibited a higher wet-density and a higher yield stress than the core section
material. A wet density p of 2251 and 2255 kg m™ was measured for the two batches E1 and E2 respectively,
whereas the five batches I1 to I5 exhibited p in the range of 1755 — 1903 kg m™. The yield stress 7, of batches
El and E2 was 705 and 1087 Pa respectively, while 7 in the range of 34 — 57 Pa was measured for batches 11
to IS. The variability of the measured yield stresses might be explained by several factors that influence the
rheological behaviour of the material, including the intrinsic variability of the single constituents and the

inevitable ambient-temperature differentials for batches mixed and cast at different times.

The external-layer material always exhibited significantly higher cube compressive strengths f. -, than the
material of the internal layer. Batches E1 and E2 had a f;, .,,;, of 54.3 and 40.7 MPa respectively, while a f. ..,
in the range of 17.9 — 27.0 MPa was measured for batches I1 to IS. The difference in tensile strength f; .,
between the materials used for the external layer and core section was generally less evident than the difference
in f¢ cy,p- Batches E1 and E2 exhibited f; ¢,,; of 2.6 and 3.1 MPa respectively, whereas f; ., in the range of 2.3

— 3.0 MPa was measured for batches 11 to I5.
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Table 6 Fresh and hardened state properties of the different batches: wet density p, spread length L, slump s,
yield stress T4, and mean and standard deviation (in brackets) of 28-day cube compressive strength f, .,,, and
cylinder tensile strength f; ¢,,;.

Element DO Element D3 Element D6
Measure  Unit  Ext. Layer Core Ext. Layer Core Ext. Layer Core
(ED) (I1) (E2) (I4) (ED) 12)
p (kg m?] 2255 1835 2251 1893 2255 1898
L [mm] - 715 - 730 - 760
s [mm)] 200 - 170 - 200 -
To [Pa] 705 34 1087 37 705 38
fe.cub [MPa]  54.3(2.3) 21.8 (2.0) 40.7 (1.2) 23.2 (0.6) 54.3 (2.3) 22.6 (1.6)
frey [MPa] 2.6 (0.5) 2.5(0.3) 3.1(0.1) 2.6 (0.3) 2.6 (0.5) 2.5(0.2)
Element D24 Element D48 Element D48R
Measure  Unit  Ext. Layer Core Ext. Layer Core Ext. Layer Core
(E1) I13) (E2) Is) (E2) as)
p (kg m?] 2255 1755 2251 1903 2251 1903
L [mm)] - 610 - 740 - 740
s [mm)] 200 - 170 - 170 -
7o [Pa] 705 57 1087 36 1087 36
fe.cub [MPa]  54.3(2.3) 17.9 (0.9) 40.7 (1.2) 27.0(1.0) 40.7(1.2) 27.0 (1.0)
frey [MPa] 2.6 (0.5) 2.3 (0.1) 3.1(0.1) 3.0(0.3) 3.1(0.1) 3.0(0.3)

4.2 Bond between layers in the hardened state

Figure 15a shows the measured tensile strength f;;q, versus pour delay At for the layered cylindrical
specimens cut from top horizontal cores (HT1 and HT?2), bottom horizontal cores (HB1 and HB2) and vertical
cores (V1 and V2). Specimens V1 and V2 cut from vertical cores exhibited significantly lower interface tensile
strength than the specimens cut from horizontal cores. Of the 12 specimens from vertical cores, 9 broke at the
interface on coring and 3 failed at the interface when subjected to tensile stresses lower than 1 MPa. By contrast,
specimens cut from horizontal cores exhibited f; 4, in the range of 1 — 3 MPa. This may be attributed to the
fact that vertical cores were taken from the top of the specimens. Indeed, due to its rotation, the cylindrical
diamond coring-tool transfers shear stresses to the material through its inner surface. When an interface is
crossed, the shear stresses transferred by the coring tool determine a torque at the interface. Such torque can
be considered proportional to the contact surface between coring tool and concrete and thus to the depth of the
core. In the case of vertical cores, the coring tool was deeper into the element than in the case of horizontal

cores when it reached the interface between the two materials. This might have caused relatively high torques
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that damaged the interface on coring. For this reason, the results obtained from vertical cores were omitted
from further discussion. Figure 15a shows that, for At greater than or equal to 3 hours, the location depth d at
which the horizontal cores were taken had an impact on f; 4,,. Specimens HB1 and HB2, taken at a d of 145

mm from the top surface, generally exhibited higher strengths than specimens HT'1 and HT2, taken at a d of

75 mm.

Three different failure modes were observed for the layered cylinders cut from horizontal cores, namely failure
of the interface, the external layer and the internal core material. The relationship between tensile strength
ft1ay» pour delay At and failure mode for layered cylinders cut from horizontal cores is shown in Figure 15b.
The plot shows that for At longer than 6 hours, all the specimens failed at the interface. For At = 0, 1.e. for
fresh-on-fresh casting, none of the specimens failed at the interface. For pour delays of 3 and 6 hours, two and
three specimens failed at the interface respectively. Of the 7 specimens that did not fail at the interface, 3
exhibited failure of the external-layer material and 4 failure of the core section material. It can also be noted
that the results obtained for At = 0 are less scattered than those obtained with a pour delay. Standard errors of

0.09, 0.29, 0.40, 0.19 and 0.25 are obtained for a At of 0, 3, 6, 24 and 47 hours respectively.
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Figure 15 (a) Relationship between tensile strength f ;4,, and pour delay At for layered specimens cut from
top horizontal cores (HT1 and HT2), bottom horizontal cores (HB1 and HB2) and vertical cores (V1 and
V2), (b) Relationship between tensile strength f; ;4,,, pour delay At and failure mode for layered cylinders cut
from horizontal cores.

Figure 16a shows the average tensile strength f; 4, of the layered cylinders versus pour delay At. It can be
observed that the pour delay has a significant impact on the average tensile strength. The average f 4y

decreases monotonically for At of up to 24 hours. In this range, the curve At - f; 4, is non-linear. Reductions
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in f; 14y of 32, 36 and 46 % of the value obtained for At = 0 are observed for a At of 3, 6 and 24 hours
respectively. A slight increase in average f; 4, is observed for At higher than 24 hours. Specifically, f 4,
increases by 20 % between 24 and 48 hours. Figure 16a also shows the average f; ;4, obtained for At of 48

hours and a rough interface between the layers (element D48R). By roughening the interface, 41 % of the drop

in tensile strength due to a pour delay of 48 hours is recovered. The average tensile strength f ;4, of the
cylinders is normalised with respect to the tensile strength f; .,,; of the weaker of the two materials to give the
normalised average tensile strength, denoted as ft lay- In Figure 16b, ft lay 18 plotted against the pour delay At.
For increasing At in the range of 0 — 24 hours, ft’lay follows the same trend as f ;4,. By contrast, different
trends are observed for At in the range of 24 — 48 hours, where an increase in At corresponds to an increase in
ft1ay and a decrease in ft lay- This is because the concrete batch IS, used for the core material of element D43
cast with a At of 48 hours, exhibits a significantly higher f; .y, than the other batches (see Table 6). The

decrease in ft lay 18 almost linear for At in the range of 6 — 48 hours.
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Figure 16 (a) Average tensile strength f; ;4,, and (b) average tensile strength ft lay Normalised with respect to
the tensile strength f; .,,; of the weaker of the two materials versus pour delay At.

o

4.3 Fresh state deformations

Figure 17 shows the boundary between the two materials and the deformed shape of the middle section of each
element. In all the elements, the external layer was significantly thicker at the bottom of the section than at the
sides. This can be attributed to a time-dependent creep flow of the heavier materials of the sides towards the
bottom part of the formwork. Indeed, creep deformations can take place in fresh concrete even for stress states

that do not exceed the yield stress [26,28].
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Neither abrupt changes in thickness of the external layer nor macroscopic voids were visually detected in the
middle section of element DO. By contrast, two vertical indents were observed in the bottom part of the external
layer of all the other elements. The observed intents were approximately rectangular and aligned with the lateral
sides of the core section in the horizontal direction. Their thickness was in the range of 3 —4 mm, while their
depth was in the range of 40 — 70 mm. The indents were either empty (see specimen D24 in Figure 17) or

partly filled with cement paste of internal section material (see elements D3, D6, D48 and D48R in Figure 17).

The observed indents could be attributed to the combined effects of creep deformations and concrete setting.
When the materials are cast with a pour delay, creep flow occurs with the panels in the lifted position (see
Figure 7c). Hence, the material flows below the panels. For pour delays greater than or equal to 3 hours, the
external layer material around the bottom edge of the panels starts to set prior to removal of the panels. Vertical
indents are thus obtained when the panels are lifted. Because of the their relatively small thickness, the indents
cannot accommodate the aggregate of the core section material. Thus, the indents are either empty or partly

filled by the cement paste of the core section material.

The maximum thickness t of the external layer at the bottom of the element was around 50 mm on casting and
in the range of 89 — 121 mm in the hardened state. Figure 18 shows the maximum thickness t, taken as an
indicator of the creep deformations developing in the fresh state, as a function of the pour delay At. The graph
shows that t generally increases with increasing At. This trend is clearer if the results obtained by using batches
E1 and E2 for the external layer are isolated. The authors believe that vertical shift between the curves obtained
for batches E1 and E2 is due to a difference in fresh-state creep properties between the two batches. Indeed, it
is reasonable to assume that the measured difference in yield stress between the batches E1 and E2 corresponds
to a differential in creep properties where the material E1, with a lower yield stress, develops greater creep

deformations than the material E2 for a given load level.

In Figure 18, the curve obtained for elements with batch E2 shows a nonlinear trend: around 70 % of the
thickness increase obtained for At of 24 hours develops for a At of 6 hours. This suggests that, for a relatively
long At, an increase in At corresponds to a relatively small increase in t. This result may be explained by the

fact that the ability of the fresh concrete to undergo creep deformations decreases on setting [28].
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5 Discussion

The results of the tensile tests demonstrate that a tensile bond strength equivalent to the tensile strength of the
weaker material can be achieved through fresh-on-fresh casting. Figure 15b shows that none of the specimens
cut from horizontal cores of the element cast fresh-on-fresh (At = 0) failed at the interface, meaning that the
interface was never the weakest section of the specimens. The delay between the castings of different materials
was found to significantly affect the bond between the layers. Figure 16 shows that reductions in interface bond
strength of up to more than 40 % are obtained when the materials are cast with a pour delay and that reductions
of more than 30 % are already obtained for a pour delay of 3 hours. Hence, the physical and chemical changes
taking place within the first 3 hours after casting of the older material play a key role in the strength reduction

associated with a pour delay.

In Figure 19, the relationship between normalised average tensile strength f_t lay and pour delay At, presented
in Figure 16b, is combined with the rate of evolution of heat of a Portland cement paste obtained from other
authors [46]. The rate of evolution of hydration heat can be considered as an indicator of the rate of hydration
of the material [9]. The heat evolution rate reported in Figure 19 was obtained for a paste with water/cement
ratio of 0.4, corresponding to the water/cement ratio used here for the external layer material. Hence, it was
taken as representative of the rate of hydration of the external layer. Figure 19 indicates that there are three
peaks in the rate of hydration in the first two days after casting [9]. The first peak is higher than the others but
has a significantly shorter duration. It corresponds to the initial hydration of the surface of the cement particles,
largely involving tricalcium aluminate (C3A), which does not determine setting. This peak is followed by the
so-called dormant period: a period of one-two hours during which the hydration rate is very low and the
material is workable. Following the dormant period, the rate of hydration increases slowly and reaches a peak
at the age of about 10 hours. In this phase, the products of hydration of individual grains of cement (silicates
and aluminates) come into contact with one another, thereby causing setting. Following this second peak, the
hydration rate slows down over a long period as the diffusion of water through the pores in the hydration
product becomes the controlling factor [47]. A third peak is observed at the age of about 30 hours, due to a

renewed reaction of C3A following the exhaustion of gypsum [9].
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Figure 19 shows that, for a At of 3 hours, the material of the external layer material has started to set when it
comes into contact with the material of the core section. It can be observed that, although the majority of the
hydration reactions have not yet developed in the external layer within the first 3 hours after casting, most of
the reduction in strength observed for a At of 48 hours is already obtained for a At of 3 hours. This suggests
that the stiffening of the older material due to the combined effects of thixotropy and hydration has a greater
impact on the interface bond strength than the overall development of hydration reactions. A possible
explanation for this is that stiffening of the older layer prevents intermixing, thereby causing a reduction in
actual contact surface between the two materials and thus a local increase in porosity. Consequently, a plane
of weakness is obtained. These findings are in line with the results of previous studies conducted on SCCs to
establish the relationship between pour delays of up to 3 hours and mechanical performance of cold joints in
elements with homogeneous concrete composition [23,24,48]. These studies showed that, within the first 3
hours, the bond strength of the interfaces generally decreases with increasing delay time due to a thixotropy-
induced increase in stiffness of the first layer that prevents effective intermixing when the second layer is

poured [23,24,48].
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Figure 16 shows that by roughening the interface of the older layers prior to casting of the new ones, around
40 % of the drop in tensile strength due to a pour delay of 48 hours can be recovered. This demonstrates that,
although beneficial, roughening of the interfaces in fresh-on-hardened casting does not allow the bond strength

obtained with fresh-on-fresh casting to be achieved.

The tensile tests also demonstrated that the bond between two different materials cast with a pour delay varies
with the considered location. Figure 15 illustrates that, when the two materials are cast with a pour delay, the
horizontal specimens taken at a depth d of 145 mm generally exhibited a higher strength than the specimens
taken at a d of 75 mm. A possible explanation is that the porosity of the interface decreases with the depth d.
It is reasonable to assume that the ability of the newer material to fill all the voids at the interface is proportional

to the pressure it exerts on the older material, which in turn grows with increasing depth d.

Practical applications can be envisaged where the structural behaviour of functionally layered sections relies
on the mechanical performance of horizontal and/or vertical interfaces. If, for example, an external low-
permeability layer is designed to boost the durability performance of a column, the bond strength of the
resulting vertical interfaces is expected to affect both the serviceability and the ultimate limit state performance
in bending. Similarly, when horizontal layers are introduced to optimize the performance of beams and slabs
subjected to bending, the bond strength behaviour of the horizontal interfaces is expected to influence the
overall performance of the member. More research is thus needed to better understand the association between

layers orientation and interface bond strength.

The analysis of the fresh state deformations demonstrates that the proposed fresh-on-fresh casting method is
an effective way to produce functionally layered elements with a low-porosity U-shaped external layer. If the
method is applied to cast the materials fresh-on-fresh (i.e. with At = 0), a well-compacted layered section is
obtained having an external layer with no abrupt changes in thickness. Hence, the method can be readily used
for the efficient production of layered concrete elements. By contrast, if the method is employed to cast the
two materials with a time delay, macroscopic voids and abrupt changes in the thickness of the external layer
are obtained. The proposed fresh-on-fresh casting method has been designed and verified for the specific proof-
of-concept cross-sectional geometry reported in Figure 5b. However, the fundamental principles underlying
this method could be applied to design analogue techniques to cast different cross-sectional geometries. If, for
example, larger elements were to be designed, adequate compaction and control of the fresh state deformations

could in principle be achieved by appropriate tailoring of the fresh state properties of the materials.
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6 Conclusions

An original fresh-on-fresh casting method is proposed to realise functionally layered concrete sections

composed of an external U-shaped durability layer of low porosity concrete and a rectangular lightweight bulk

core section. Such a design concept can be adopted to minimise the use of cement and to reduce the self-weight

of precast concrete beams. This work makes a fundamental contribution to research on functionally layered

concrete by demonstrating the proof-of-concept and studying for the first time the effects of delays between

successive pours on the bond between different concrete mixes. The relationship between pour delay and

effectiveness of the bond between layers is then established by coring cylindrical samples across interfaces and

testing the cylindrical cores in tension.

The following conclusions can be drawn:

When the mix selection for concrete beams is driven by durability requirements for conventional mixes,
cement savings of more than 25 % can be achieved through functional layering. Cement-intensive
mixes can be used only in the concrete cover, where the ingress of aggressive substances represents a
threat to the durability of the element, thereby saving cement in the core of the element.

If lightweight mixes are used in the bulk core section of a functionally layered precast beam, weight
savings of more than 30 % can be achieved. Consequently, dead loads are reduced, more slender elements
are designed, and less material is required.

Composite precast beams composed of an external U-layer of low-porosity cement-intensive
Conventional Vibrated Concrete (CVC) and a lightweight core section of Self-Compacting Concrete
(SCC) can be cast fresh-on-fresh through the aid of removable panels that demarcate the layers on
casting. Such an approach was validated by realising a prototype prismatic U-layer element that
represents a proof-of-concept for future production.

Good tensile bond between two layers of different concrete mixes can be achieved through fresh-on-
fresh casting. Hence, fresh-on-fresh casting represents a promising technique to realise tailored, low-
carbon concrete members with an improved mechanical performance.

For two different materials cast at different times, the delay between the castings significantly affects
the tensile bond between layers. Reductions in interface bond strength of up to more than 40 % can be
obtained when the materials are cast with a pour delay of 48 hours. It was also shown that interface
bond strength reductions of more than 30 % can already be obtained for a pour delay of 3 hours. Hence,

the physical and chemical changes taking place in the older material within the first 3 hours after casting
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play a key role in the strength reduction associated with a pour delay. This suggests that the early-age
stiffening of the older material due to the combined effects of thixotropy and hydration has an impact
on the interface bond strength.

Up to 40 % of the reduction in interface tensile strength due to a pour delay can be recovered by
roughening the surface of the older layer prior to casting of the new one. This demonstrates that,
although beneficial, roughening of the interfaces in fresh-on-hardened casting does not allow the bond
strength obtained with fresh-on-fresh casting to be achieved.

If two different materials are cast with a pour delay, the effectiveness of the bond between the two
layers varies with the considered location. The results of the tensile tests performed on horizontal cores
through a vertical layer suggest that the hardened-state bond strength increases with an increase in the
pressure exerted by the newer material on the older one in the fresh-state. This might be explained by
the fact that the ability of the newer material to fill all the voids at the interface grows with the pressure
it exerts on the older material. Hence, an increase in compressive pressure across the interface in the
fresh-state corresponds to a decrease in porosity and thus an increase in bond strength in the hardened

state.
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