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Abstract:  Composite steel-concrete structures are widely used throughout the world for building and bridge 
applications. Composite construction exploits the advantages of both concrete and steel materials to 
achieve enhanced structural performance. This paper intends to provide an overview of available material 
models that can be used for the analysis and design of composite structures at service conditions by 
considering different levels of sophistication in the material representation as these affect the requirements 
for the modelling techniques to be specified. A brief overview of available design guidelines associated to 
the serviceability limit state of composite structures is outlined by considering Australian and New Zealand, 
and European design specifications. Recommendations are then provided on the most suitable 
combinations of structural methods of analysis and material model representations to be used for the service 
analysis and design of different structural typologies of composite structures grouped based on their key 
dimensions and structural complexity. 
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1. Introduction 
Composite steel-concrete structures have been gaining popularity in the last decades and are currently 
widely used worldwide for building and bridge applications. This form of construction combines the 
advantages of the concrete and steel components to form stiffer and stronger structural solutions than those 
that would be exhibited by the two material components working independently. The coupling of the concrete 
and steel materials is usually denoted as composite action and this can occur through different transfer 
mechanisms that depend on the structural typology, e.g. composite slabs, beams and columns. 

Different limit state requirements need to be considered and satisfied when designing and specifying 
composite structural solutions, as it would be the case also for other structural materials, e.g. (1-3). 
Examples of these limit states include the ultimate limit states that deal with the requirements for strength 
and ductility, the serviceability limit states that focus on at ensuring the structure remains functional by 
avoiding excessive deformation, cracking and vibrations under in-service conditions, and other 
requirements that depend on the construction typology and location. 

This paper deals on a subset of the serviceability limit states design requirements for composite construction 
that deals with the time-dependent behaviour of concrete caused by creep and shrinkage, e.g. (4-7), and 
aims to provide an overview of the available material models suitable for depicting the service response of 
composite structures and a brief summary of the available international design specifications by considering 
Australian and New Zealand, and European standards, e.g. (8-11). In the final part of the paper, 
recommendations on the most suitable sets of methods of analysis and material representations to be used 
for different structural typologies are provided to highlight under which circumstances more sophisticated 
modelling strategies are appropriate. 

2. Material model representations for the time-dependent behaviour of the concrete 
The service response of composite structures is affected by the time-dependent response of concrete due 
to its creep and shrinkage effects. These time effects influence the variations in deformations and stresses 
that can take place over time, and the possible likelihood of concrete cracking. It is commonly accepted to 
consider creep and shrinkage effects separately and independent from each other when expressing their 
effects in constitutive expressions, even if this is not rigorously true (4,6).

The total deformation of an undamaged and uniaxially loaded concrete component at time t can be referred 
to as  and it can be assumed to be composed by an instantaneous deformation  (where t0 depicts ᵰ�ᵅ�(ᵆ�) ᵰ�ᵅ�(ᵆ�0)
the time of first loading), a creep strain  and a shrinkage strain . The creep strain is ᵰ�ᵅ�ᵅ�(ᵆ�,ᵆ�0) ᵰ�ᵅ�ᵆ�(ᵆ�,ᵆ�ᵅ�)
associated to the time-dependent deformation produced by the sustained stress applied at time t0, while the 
shrinkage strain accounts for both autogenous and drying shrinkage (where the latter can be assumed to 



start at the end of moist curing td). Thermal effects (or other stress-independent strains) are considered in 
the strain component εcT(t). With the adopted notation, the total deformation produced by a constant 
sustained stress σc0 applied to the concrete at time t0 and by shrinkage and thermal effects can be expressed 
as follows:

  (1)(ᵆ�) = ᵰ�ᵅ�(ᵆ�0) + ᵰ�ᵅ�ᵅ�(ᵆ�,ᵆ�0) + ᵰ�ᵅ�ᵆ�(ᵆ�,ᵆ�ᵅ�) + ᵰ�ᵅ�ᵄ�(ᵆ�)

where its graphical representation is illustrated in Figure 1 (ignoring the thermal strain component for clarity). 
In particular, the constant sustained stress is depicted in the stress history of Figure 1a. A qualitative 
variation of the deformations over time is presented Figure 1b which shows how in the first few days from 
casting the concrete is subjected to autogenous shrinkage and, after the start of drying at time td, the drying 
shrinkage component starts to develop. The increase in strain occurred ay time t0 is produced by the 
application of the sustained stress that, over time, gives rise to time-dependent creep deformations. Creep 
is usually formed by a basic creep component (when the concrete is in hygral and thermal equilibrium with 
its surrounding environment) and by additional components denoted as drying creep when subjected to a 
variation in relative humidity and as transitional thermal creep when exposed to a variation in temperature. 

Figure 1.  Graphical representation of the qualitative time-dependent response of a concrete 
component subjected to a sustained constant stress and to shrinkage effects.

From a constitutive viewpoint, it is common to express the stress-dependent strain by means of an  integral-
type or a rate-type creep law, e.g (6-9). To better highlight the material model approximations introduced in 
code specifications, the mathematical representation of the integral-type creep law is considered and it can 
be written as follows: 

  (2)ᵰ�ᵰ�(ᵆ�) = ∫ᵆ�
ᵆ�0

ᵃ�(ᵆ�,ᵰ�) ᵅ�ᵰ�ᵅ�(ᵰ�) = ᵃ�(ᵆ�,ᵆ�0) ᵰ�ᵅ�(ᵆ�0) + ∫ᵆ�
ᵆ� +

0
ᵃ�(ᵆ�,ᵰ�) ᵅ�ᵰ�ᵅ�(ᵰ�)

where  represents the creep function at time t for a stress applied at time t0 and the term  intends to ᵃ�(ᵆ�,ᵰ�) ᵆ� +
0

show that the integration starts just after t0. 

The graphical representation of Equation 2 is shown in Figure 2 by considering, for illustrative purposes, an 
increasing stress history. The two terms present on the right-hand side of Equation 2 are depicted in the 
diagram. In particular, the first term denotes the strain associated to the stress applied at time t0 and its 
consequent creep, and the second term describes the consequent time-dependent stress variations and 



creep. Because the stress history is increasing over time (as shown in the bottom right quarter), both terms 
are positive and the stress-dependent strain exhibited by the concrete is determined as the sum of the two 
shaded areas in Figure 2. 

Figure 2.  Graphical representation for an increasing stress history of the integral-type creep law.

Design specifications usually make reference to algebraic formulations for the description of the time-
dependent response of the concrete (e.g. 8-11) and these are briefly introduced in the following. Standards 
allow the use of more sophisticated material representations when considering advanced analysis and these 
can range from step-by-step procedures to multi-physics models, e.g. (7). 

The algebraic methods consist of the effective modulus methods, the mean stress method and the age-
adjusted method (4-7). These are derived from the integral-type creep law introduced in Equation 2 and 
vary for the type of approximation adopted in the calculation of the integral term, as briefly outlined below. 

By denoting the creep coefficient with  (for a stress applied at time ), the effective modulus method, ᵱ�(ᵆ�,ᵰ�) ᵰ�
commonly used for routine design, can be approximated as follows: 

  (3)ᵰ�ᵰ�(ᵆ�) = ∫ᵆ�
ᵆ�0

ᵃ�(ᵆ�,ᵰ�) ᵅ�ᵰ�ᵅ�(ᵰ�) = ∫ᵆ�
ᵆ�0

1 + ᵱ�(ᵆ�,ᵰ�)
 ᵃ�ᵅ�(ᵰ�) ᵅ�ᵰ�ᵅ�(ᵰ�) ≈

1 + ᵱ�(ᵆ�,ᵆ�0)
 ᵃ�ᵅ�(ᵆ�0) ᵰ�ᵅ�(ᵆ�)

in which  defines the concrete stress at time t and  is the concrete elastic modulus evaluated at ᵰ�ᵅ�(ᵆ�)  ᵃ�ᵅ�(ᵆ�0)
time t0. In this representation, the estimated creep deformations are a function of the final stress in the 
concrete. 

The approximation introduced by the mean stress method can be expressed as: 



  (4)ᵰ�ᵰ�(ᵆ�) = ∫ᵆ�
ᵆ�0

ᵃ�(ᵆ�,ᵰ�) ᵅ�ᵰ�ᵅ�(ᵰ�) = ∫ᵆ�
ᵆ�0

1 + ᵱ�(ᵆ�,ᵰ�)
 ᵃ�ᵅ�(ᵰ�) ᵅ�ᵰ�ᵅ�(ᵰ�) ≈

1 + ᵱ�(ᵆ�,ᵆ�0)
 ᵃ�ᵅ�(ᵆ�0) ᵰ�ᵅ�(ᵆ�0) +

1 + ᵱ�(ᵆ�,ᵆ�0)
 ᵃ�ᵅ�(ᵆ�) +

1 + ᵱ�(ᵆ�,ᵆ�0)
 ᵃ�ᵅ�(ᵆ�0)

2 ᵮ�ᵰ�ᵅ�(ᵆ�)

where  is the difference between the concrete stresses calculated at times t and t0. ᵮ�ᵰ�ᵅ�(ᵆ�)

The age-adjusted effective modulus relies on the use of the aging coefficient  to estimate the integral ᵱ�(ᵆ�,ᵆ�0)
of the integral-type creep law: 

  (5)ᵰ�ᵰ�(ᵆ�) = ∫ᵆ�
ᵆ�0

ᵃ�(ᵆ�,ᵰ�) ᵅ�ᵰ�ᵅ�(ᵰ�) = ∫ᵆ�
ᵆ�0

1 + ᵱ�(ᵆ�,ᵰ�)
 ᵃ�ᵅ�(ᵰ�) ᵅ�ᵰ�ᵅ�(ᵰ�) ≈

1 + ᵱ�(ᵆ�,ᵆ�0)
 ᵃ�ᵅ�(ᵆ�0) ᵰ�ᵅ�(ᵆ�0) +  

1 + ᵱ�(ᵆ�,ᵆ�0) ᵱ�(ᵆ�,ᵆ�0)
 ᵃ�ᵅ�(ᵆ�0) ᵮ�ᵰ�ᵅ�(ᵆ�)

It is possible to graphically illustrate the approximation introduced by the algebraic methods by reconsidering 
the increasing stress history previously introduced in Figure 2. 

For the effective modulus method, the area depicted by the approximation of the integral-type creep law in 
Equation 3 is shaded in Figure 3a. The thick line depicts the variation of the integral-type creep law and, in 
this graphical representation, it is clear how the shaded area (defining the total deformation estimated with 
the effective modulus method) is larger than the one identified by the exact solution of the integral-type 
creep law. In such a scenario, the effective modulus method overestimates the time-dependent stress-
dependent deformation.

Figure 3b illustrates the approximation introduced by the mean stress method where the shaded area is 
the estimated total deformation evaluated with the approach. In this case the introduced approximation 
tends to underestimate the deformation evaluated with the integral-type creep. 

The approximation produced by the age-adjusted effective modulus method is a function of the size of the 
hatched areas A and B shown in Figure 3c. This approach leads to the exact solution when the hatched 
areas A and B are identical. 

3. A brief overview of code specifications for the serviceability limit state associated 
to the concrete time-dependent response 
The code specifications related to the serviceability limit states aimed at ensuring that the structure and its 
members perform satisfactory during the construction and in-service conditions while ensuring that the 
functioning of the structure and the comfort of its people is not compromised. From a design viewpoint, 
this can be expressed in terms of a specific design variable required to satisfy a design criterion, For 
example, a limit value can be specified for the maximum deflection or the maximum crack width 
depending on the structure or member under consideration. In the European standards (12) such a criteria 
is expressed as follows:

  (6)ᵃ�ᵅ� ≤ ᵃ�ᵅ�

where  depicts the design value of the effects of actions calculated for the serviceability criterion and  ᵃ�ᵅ� ᵃ�ᵅ�
denotes the limiting design value of the relevant serviceability criterion. A similar approach is adopted in 
the Australian and New Zealand specifications (13), where  defines the value of the serviceability ᵯ�
parameter determined from the appropriate combinations of actions for the serviceability limit state and  ᵯ�ᵅ� 
is the limiting value of the serviceability parameter: 

  (7)ᵯ� ≤ ᵯ�ᵅ�

The service requirement imposed through the control of deflection in building applications tends to govern 
the sizing of composite floor slabs and of floor beams cast with propped construction. When dealing with 
unpropped construction, the selection of the steel section of the composite beam is commonly governed by 
the design requirements related to incremental deflection, vibration or the provision of web penetrations. 
Deflection limits are usually specified in terms of total and increment values.



Figure 3.  Graphical representation of the approximation introduced by the algebraic methods for 
an increasing stress history using the integral-type creep law as reference.

In European guidelines (7), it is expected that the long-term deformations due to creep and shrinkage are 
estimated by considering the effects of the permanent actions and quasi-permanent parts of the variable 
actions and verified against limit values suitable for the project under consideration. In the verification of the 
sagging deflection for a composite beam cast unpropped, the reference level for the deflection is taken to 
be the upper side of the slab. In cases in which the beam deflection can affect the appearance of the 
building, the underside of the steel beam is adopted as the reference level for the deflection calculations 
(8). General limits for the requirements for bridge applications are referred to in reference (9) based on (12). 

When dealing with the Australian and New Zealand guidelines, reference (13) provides guidance on the 
serviceability limit criteria, including displacement limits. Additional limit requirements for building 
applications are presented in an informative appendix (10) in terms of total and incremental deflections that 
vary depending on the structure and its intended use. AS/NZS 2327 (10) places particular attention to the 
need to define deflection requirements along various directions to ensure that the cumulative effects of 



deformations undergone by combinations of primary and secondary beams and slabs are accounted for. At 
the building level, AS/NZS 2327 (10) suggests that inter-storey lateral drift should remain with a limit not 
exceeding 1/500 of the storey height for unbraced frames and for multistorey buildings subjected to lateral 
loading. When dealing with composite bridges, AS/NZS 5100.6 (11) requires the structure to be designed 
against specific deflection limits that depend on the typology of the bridge (e.g. pedestrian and bicycle 
bridge, rail bridge) and consider the response during both construction and in-service conditions. 

It is outside the scope of this overview to provide a detailed description of the design requirements 
recommended in the Australian and New Zealand, and European specifications.

4. Practical strategies for the serviceability limit state design and verification 
The key aspect that needs to be considered when selecting the most suitable methods of analysis and 
material model representations for the analysis and design of a typology of composite structure consists in 
the evaluation of how sensitive the structural response is with respect to the time-dependent behaviour of 
the concrete. This feature of the structural response is also denoted as the level of sensitivity (that a structure 
possesses with regards to the time-dependent behaviour of concrete). This identification is important to 
account for the complexity of the time-dependent response exhibited by a structure and it usually heavily 
draws on engineering judgement and experience. 

The list of categories presented in the following intends to assist in the decision process of selecting the 
best set of method of analysis and constitutive model to provide insight into the service behaviour of a 
specific composite structural typology, especially useful when dealing with long-term displacements and 
deformations. The list provided below draws on previously presented classifications for concrete structures 
and has been here applied to composite steel-concrete structures in the context of the available state of the 
art (7). 

1) Category 1 – This category deals with structural components that are widely used in construction and it 
includes beams that are less than 20 m in length, slabs with spans less than 8 m, and frames with heights 
under 30 m. This category depicts the lowest sensitivity level among the proposed groups and the time-
dependent modelling should make use of a class of material representations commonly referred to as the 
algebraic methods, e.g. (3-7). The relatively low complexity of these models enables them to be used for 
implementation with analytical solutions of simple problems or numerical solutions applied to more general 
structural typologies. The input material parameters to be specified in these models may be obtained from 
available design specifications. In the case of structural components that are exposed to asymmetric drying 
conditions for prolonged periods of time, it is recommended to investigate the implications of these drying 
exposures in more detail as these may have a significant influence on the development of internal stresses 
and deformations. These scenarios have already been extensively investigated and identified for composite 
steel-concrete floors cast of profiled steel sheeting for which simplified design procedures have been 
proposed, e.g. (10,14). This recommendation is provided by considering the fact that, in common design 
scenarios such as those of building floors, the governing design criteria for the selection of the floor 
specifications falls within the serviceability limit states associated to deformations and deflections. The ability 
to gain insight into the service response in these design scenarios through the use of more refined 
approaches can provide a better understanding of the time-dependent response and assist some of the 
construction decisions, such as those associated with the selection and location of construction joints, the 
detailing of the structural components, and the durability of the structure. 

2) Category 2 – This category considers prestressed members that possess a length below 20 m and frames 
of high-rise buildings that remain below 100 m in height. While for this category it is suitable to use the 
algebraic methods (4-7), it is important to recognise there might be design scenarios that would require 
more refined numerical models, such as those implemented with the step-by-step procedures together with 
the integral- or rate-type methods (7) to gain more accurate predictions. The actual decision of the most 
appropriate modelling strategy should be based on the results obtained from initial numerical simulations to 
assist the identification of the influence of time effects on the structural deformations and stress conditions 
for the structure and members under consideration.

3) Category 3 – The structures included in this category consist of medium-span bridges with spans up to 
80 m. For this structural typology, it is recommended to rely on the algebraic methods or more refined 
models for the structural analysis, such as the step-by-step procedures to provide a satisfactory 
representation of the long-term response. When considering the algebraic methods for this category, it is 



important to verify that their use is satisfactory for the design scenario and actions under consideration. The 
modelling strategy needs to be able to capture the actual time-dependent deformations that can take place 
over time from the construction to the in-service conditions. 

4) Category 4 – This category focuses on long-span bridges, bridges that include sequential construction 
stages, arch structures, and very tall buildings. The time-dependent modelling to be performed for this type 
of structures needs to rely on accurate analysis models, e.g. step-by-step procedures and other refined 
models. Also in this case it might be possible to consider algebraic methods as long as it is shown that these 
are suitable for the design actions under consideration. When dealing with this category, it might be 
preferable to extend the time-dependent modelling to gain insight into the moisture and temperature 
variations that are expected to occur throughout the structure from construction to the in-service conditions. 
The outcomes of these simulations can provide a better understanding of the development of internal 
stresses and deformations within the concrete components and how these can affect the possible likelihood 
of concrete cracking. 

5) Category 5 – The most sensitive category intends to account for the structural typologies of record-
span bridges, large offshore structures, large cooling towers, long-span slender arch bridges, and super-
tall buildings. In this case, the modelling needs to be based on most advanced and accurate approaches 
where structural and material testing is performed to obtain the material properties. The material 
representation should be based on the step-by-step procedure or other refined models that are calibrated 
against measured material properties. Multi-physics models are also recommended to establish a better 
understanding of the moisture and temperature variations that can occur throughout the structure and that 
can be used to provide more realistic long-term predictions and statistical variations of the material 
properties. A monitoring strategy should be specified during construction to enable a continuous 
assessment of the long-term predictions and to allow for possible design adjustments to be performed. 
There are variables that might not be known during the design stage, such as the weather conditions to 
occur during construction, and that might have a significant influence on the exhibited time-dependent 
behaviour. 

In general, it is recommended that, for all structures, service calculations are performed from the 
conceptual design stage to the final design stage. Considering the computational power available today, 
this is regarded as a feasible and acceptable task. Obviously, the level of structural details to be included 
in the computational model of the structure may be different depending on the design stage under 
consideration while ensuring that the key parameters and features influencing the service response are 
adequately accounted for. 

5. Conclusions
This paper presented an overview of some of the key aspects related to the serviceability limit state of 
composite structures associated to the time-dependent behaviour of the concrete. In the first part of the 
paper, particular attention has been devoted to introduce some of the main material representations 
commonly specified in design specifications. Simple examples have been introduced to highlight some of 
the approximations introduced by the algebraic methods, i.e. simplified methods commonly adopted for 
routine design. A brief overview of the design requirements for composite structures to satisfy the 
serviceability limit states are presented with reference to the Australian and New Zealand, and the European 
guidelines. The final part of the paper is dedicated to the description of recommendations for the selection 
of most suitable methods of analysis and material constitutive representations when considering different 
categories of structural typologies. 
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