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2. STRESS-STRAIN RELATIONSHIPS 
 

2.1 Introduction 
This chapter summarizes some typical mechanical properties of concrete under uniaxial, 

biaxial, and triaxial states of stress and also some general stress-strain characteristics of 

reinforcement steel. These data, which are essential for the generalized development of 

mathematical modelling of concrete and steel, serve two major purposes: (1) to give guidance 

on the proper type of material behaviour to be developed in mathematical modelling and (2) 

to provide data for the determination of the various material constants which appear in the 

models. However, it is crucial to know that most constitutive models are derived from data 

coming mainly from testing average-age normal-strength concrete under short-term quasi-

static loading. 

Concrete contains a large number of microcracks, especially at interfaces between 

coarser aggregates and mortar, even before any load has been applied. This property is 

decisive for the mechanical behaviour of concrete. The propagation of these microcracks 

during loading contributes to the nonlinear behaviour of concrete at low stress level and 

causes volume expansion near failure. 

Many of these microcracks are caused by segregation, shrinkage, or thermal expansion in 

the mortar. Some microcracks may be developed during loading because of the differences in 

stiffness between aggregates and mortar. These differences can result in the strains in the 

interface zone several times larger than the average strain. Since the aggregate-mortar 

interface has a significantly lower tensile strength than mortar, it constitutes the weakest link 

in the composite system. This is the primary reason for the low tension strength of concrete 

material. From the preceding discussion one can expect that the size and texture of the 

aggregates will have a significant effect on the mathematical behaviour of concrete under 

various types of loading.  

 

2.2 Uniaxial Behaviour of Concrete 
 
2.2.1 Uniaxial compression test 
 

Stress-strain curve. A typical stress-strain relationship for concrete subjected to uniaxial 

compression is shown in Figure (2.1a). The stress-strain curve has a nearly linear-elastic 

behaviour up to about 30 percent of its maximum compressive strength (f'c). For stresses 

above this point, the curve shows a gradual increase in curvature up to about 0.75f'c to 

0.90f'c, whereupon it bends more sharply and approaches the peak point at f'c. Beyond 

this peak, the stress-strain curve has a descending part until crushing failure occurs at 

some ultimate strain Ůu. 
 

 

 

 

 

 

 

 

 

 

 

 



 

P
a

g
e2

 

When the volumetric strain Ův = Ů1 + Ů2 + Ů3 is plotted against stress, as shown in Figure 

(2.1b), initially the change in volume is almost linear up to about 0.75f'c  to 0.90f'c. At this 

point the direction of the volume change is reversed, resulting in a volumetric expansion near 

or at f'c. The stress at which the volumetric strain Ův is a minimum is termed critical stress. 

The shapes of the stress-strain curves in Figure (2.1) are closely associated with the 

mechanism of internal progressive microcracking. For a stress in the region up to about 30% 

of f'c, the cracks existing in the concrete before loading remain nearly unchanged. This 

indicates that the available internal energy is less than the energy required to create new 

microcrack surfaces. This stress level has been termed onset of localized cracking and has 

been proposed as a limit of elasticity. 

For a stress between 30 to 50% of f'c, the bond cracks start to extend due to stress 

concentrations at the crack tips. Mortar cracks remain negligible until a later stress range. For 

this stress range, the available internal energy is approximately balanced by the quick crack-

release energy. At this stage, crack propagation is stable in the sense that crack lengths 

rapidly reach their final values if the applied stress is kept constant. 

For a stress between 50 to 75% of f'c, some cracks at nearby aggregate surfaces start to 

bridge in the form of mortar cracks. At the same time other bond cracks continue to grow 

slowly. If the load is kept constant, the cracks continue to propagate with a decreasing rate to 

their final lengths. For compressive stresses above about 75% of f'c, the largest cracks reach 

their critical lengths. The available internal energy is now larger than the required crack-

release energy. Thus, the rate of crack propagation will increase and the system is unstable, 

since complete disruption can occur even if the load is kept constant. The stress level of about 

75% of f'c is termed onset of unstable fracture propagation or critical stress since it 

corresponds to the minimal value of volumetric strain.      

If we unload in the stress range between 50 and 75% of f'c, the unloading curve exhibits 

some nonlinearity. If reloading takes place, a small characteristic hysteresis loop is formed, as 

shown in Figure (2.2). On the average, the unloading-reloading curve is fairly parallel to the 

initial tangent of the original curve. However, for unloading from stresses at about 75% of f'c, 
the unloading-reloading curves exhibits strong nonlinearities (Figure 2.2), and a significant 

degradation of stiffness can also be observed. A reloading shows that the material-stiffness 

properties have changed drastically. 

The progressive failure of concrete near f'c is primarily caused by microcracks through 

the mortar. These microcracks join bond microcracks at the surfaces of nearby aggregates and 

form microcrack zones or internal damage. With increasing compressive strain, damage to 

concrete material continues to accumulate, and concrete enters the descending portion of its 

stress-strain curve, a region by the appearance of macroscopic cracks.  
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The shape of the stress-strain curve is similar for concrete of low, normal, and high-strength, 

as shown in Figure (2.3). A high-strength concrete behaves in a linear fashion to a relatively 

higher stress level than the low-strength concrete, but all peak points are located close to the 

strain value of 0.002. On the descending portion of the of the stress-strain curve, higher-

strength concretes tend to behave in a more brittle manner, the stress dropping off more 

sharply than it does for concrete with lower strength.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Modulus of elasticity. As shown in Figure (2.3), the initial modulus of elasticity of concrete 

is highly dependent on the compressive strength. In lieu of actual test data, the initial 

modulus of elasticity E0 can be calculated with reasonable accuracy from empirical formulas. 

This section will be treated extensively in the next chapter. However, The ACI code adopted 

the following equation to calculate the concrete modulus of elasticity: 

 

ὉḙτχππὪᴂ                                                                                                                   (2.1) 

 

Poissonôs ratio. Poissonôs ratio v for concrete under uniaxial compressive loading ranges 

from about 0.15 to 0.22; a representative value is 0.19 or 0.20. Under uniaxial loading, the 

ratio v remains constant until approximately 80% of f'c, at which stress the apparent 

Poissonôs ratio begins to increase, see Figure (2.4). In the unstable crushing phase v even 

becomes larger than 0.5. 

 

Cyclic behaviour. The behaviour of plain concrete subjected to cyclic compressive loading 

is shown in Figure (2.2). The degradation in both stiffness and strength for concrete with 

increasing number of applied cycles for a stress level of about 0.6f'c is illustrated. For each 

cycle of unloading and reloading, a hysteresis loop is observed. The area of this loop 

decreases with each successive cycle but eventually increases before fatigue failure. 

Fig. 2.3: Complete compressive stress-strain curve, (Wischers, 1978). 


