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h i g h l i g h t s

� Creep is affected by the aggregate type and porosity.
� The bond between aggregate and cement paste significantly affects early age creep.
� Ultrasonic pulse velocity can provide indication of creep deformation for concrete.
� We have established empirical models between specific creep and UPV of concrete.
� Creep-UPV models have power form for the alternative aggregate concretes (w/c 0.5).
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a b s t r a c t

Creep of concrete can have damaging effects by inducing deformations that may contribute or eventually
lead to cracks, which influence concrete durability, steel reinforcement exposure to corrosion, and aes-
thetic damage to architectural buildings. This research investigated the early age creep deformation in
concrete samples made with normal, lightweight (Lytag), recycled concrete, and recycled asphalt aggre-
gates using ultrasonic pulse velocity measurements. Creep was achieved by applying a load correspond-
ing to 30% of the strength of concrete to 100 � 250 mm prisms. The compressive load was applied from
24 h after mixing and up to 27 days. The results and analysis of measurements obtained for stress devel-
opment, specific creep (creep strain per unit stress), and ultrasonic pulse velocity measured up to 27 days
after load application are presented. Empirical models that allow the assessment of creep of concrete
using ultrasonic pulse velocity measurements are also presented.
Early age specific creep is higher for recycled asphalt aggregate than Lytag aggregate and recycled con-

crete aggregate concretes, which are higher than gravel concrete. Measurements of ultrasonic pulse
velocity could be used to determine creep but further work to refine this technique is required.

� 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Creep is the deformation of concrete with time, when it is under
a sustained load. It continues at a decreasing rate as the stress is
maintained. It follows an instantaneous elastic strain and a ‘‘near”
instantaneous inelastic initial creep strain which takes from 10 to
100 min to develop [1–3]. The creep behaviour of concrete, result-
ing from sustained load application, became apparent at the begin-
ning of the 20th century [4].

Creep can have damaging effects by inducing cracks in concrete
which affects concrete durability allowing reinforcement to cor-
rode and are undesirable aesthetically. It can also cause loss of
stress in pre-stressed concrete, increase in deflection over time of

large span concrete beams, and cladding buckling problems in tall
buildings [1].

Creep does not always have harmful effects, although it may
seem that it does. One of its benefits in structures is enabling con-
crete to undergo strain deformations so relieving concrete stresses
and avoiding what could otherwise be a ductile type collapse of
concrete columns and beams. Further, creep in the elastic range
at an early age may have the potential for inhibiting subsequent
pre-stress loss in post-stressed concrete beams [5].

Concrete can also experience strain deformations that are time
dependant, without the application of load, in the form of shrink-
age [1–3,6,7].

Creep of concrete is affected by many factors that either relate
to internal concrete composition or to external effects of the envi-
ronment and size of the concrete member. Some of the main fac-
tors include; water/cement ratio, curing conditions, temperature
and relative humidity, size of concrete member, aggregate type
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and volume, bonding, cement type, degree of compaction, and
admixtures [1,2,4,6–8]. To examine in depth all the variables
affecting creep was beyond the scope of this research and whilst
these influences are acknowledged the aim of this project was to
establish a method of assessing early age creep of concrete using
ultrasonic pulse velocity, and to obtain a relationship between
early age creep and ultrasonic pulse velocity for four different con-
crete types.

2. The mechanism of creep

Creeping concrete can be regarded as a multi-phase material
consisting of cement paste and aggregate. The aggregates, which
can occupy up to 75% of a concrete’s volume, are bonded together
by the cement paste and act as a restraining material [1].

The cement paste consists of unhydrated cement grains sur-
rounded by cement gel and water-filled or empty capillary pores
[2,6]. The cement gel consists of intertwined particles of mainly
crumpled colloidal sheets of calcium silicate hydrates, some are
needle-shaped, with a continuous system of water-filled gel pores.
Creep is thought to occur when the colloidal sheets slide through a
de-bonding and re-bonding process when under stress. The unsta-
ble contact between the sheets becomes weaker when water is
present; hence creep is reduced after drying [2,6,8].

Drying of concrete under load causes water to diffuse out of the
stressed gel micropores meaning the colloidal structure moves clo-
ser together, which results in additional shrinkage, known as dry-
ing Shrinkage [2,6,7]. According to Bazant and Wittmann [6], and
Bazant and Chern [8], this could be enhanced by compressive stres-
ses and existing microcracking, induced by earlier drying and
result in further shrinkage. Creep that occurs under controlled con-
ditions of no moisture movement to or from the environment is
termed basic creep.

3. Calculation of concrete creep

The total strain generated by concrete under applied compres-
sive stress includes initial elastic strain, strains related to the
effects of environmental conditions, such as shrinkage strains,
and in addition creep strains [7]. Therefore, in controlled environ-
mental conditions, such as a laboratory, the actual creep strain
from loading is obtained by subtracting from the total strain the
elastic strain and the environmental strains obtained from an
unstressed control specimen stored in the same environmental
conditions as the stressed concrete. This is expressed by Eq. (1).

ecreep ¼ etotal � einitial � econtrol ðmm=mmÞ ð1Þ

where
ecreep = creep strain.
etotal = total strain in stressed concrete.
einitial = initial strain, measured immediately after applying the
load.
econtrol = strain obtained from control concrete, which includes
shrinkage.

4. Materials and experimental method

4.1. Materials

4.1.1. Cement type
The cement used in all the mixes of concrete investigated was CEM I Portland

Cement (PC) type 42.5 N, manufactured by Lafarge Blue Circle. This was a general
purpose cement of a quality that complies with BS EN 197-1:2011 [9] and carries
the European conformity CE marking.

4.1.2. Mixing water
Ordinary fresh tap water was used throughout, as supplied by Thames Water

Utilities Limited. This water is considered as suitable for use in concrete in accor-
dance with BS EN 1008:2002 [10]. The water was used at ambient temperature.

4.1.3. Aggregates - fine and coarse
All the different types of aggregate (normal, RCA, recycled asphalt, and light-

weight) used in the manufacture of concrete were oven dried and allowed to cool
before use. Concrete mixing water was adjusted for the absorption of different
aggregates. The aggregates were allowed to absorb water for 24 h prior to mixing.

4.1.3.1. Normal (gravel) concrete. For gravel concrete, Thames Valley flint gravels
(4/10 mm and 10/20 mm) and uncrushed river sand (0–4 mm all-in) were used
throughout the experimental work. The fine aggregate particle sizes were found
to have the grading proportions shown for sand in Table 1. The water absorption
and relative density of the aggregates were measured based on a saturated surface
dry basis as outlined by BS EN 1097-6:2000 [11], and also shown in Table 1.

4.1.3.2. Recycled concrete aggregate (RCA) concrete. The aggregate used in RCA con-
crete consisted of sand (0–4 mm all-in) for fine aggregate, as used in normal con-
crete, and RCA aggregate (5–20 mm all-in) for coarse aggregate. The RCA was
Class RCA (II), in accordance with Recycled Aggregates BRE Digest 433 [12], sup-
plied by Day Group Ltd, Middlesex, UK. The grading and constituent material pro-
portions of RCA are listed in Table 2. The relative density (saturated surface dry)
and water absorption of RCA are also listed in Table 2.

4.1.3.3. Recycled asphalt aggregate (RA) concrete. Asphalt is a mixture of aggregates,
such as gravel, and bituminous binder. Recycled asphalt is reclaimed asphalt
obtained by the milling of asphalt road layers.

Table 1
Sand gradation with relative density and water absorption for sand and gravel.

Sieve size (mm) % passing

Sand grading
2.36 94.3
1.18 84.2
0.6 73.7
0.3 49.9
0.15 9.38

Sand
Relative density (SSD) 2.2
Water absorption 2.91%

10 mm gravel
Relative density (SSD) 2.48
Water absorption 2.71%

20 mm gravel
Relative density (SSD) 2.48
Water absorption 2.18%

Table 2
RCA size and constituent gradation with relative density and water absorption.

Sieve size (mm) % passing

31.5 100
20 97.3
10 37.1
9.5 33.6
5 2.4
2.36 0.5

RCA constituent materials % of total

RCA 96.6
Yellow brick 0.7
Red brick 0.6
Asphalt 2.0
Glass 0.03
Other 0.1
Relative density (SSD) 2.04
Water absorption 5.35%
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