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ABSTRACT 
Cylindrical specimens were casted by using cement (high early strength), sand and limestone powder 

for water to cement ratio (W/C) of 100, 130, 150, 170 and 190 %, cement to sand ratio (C/S) of 30%, 

limestone powder to cement ratio (L/C) of 130% by weight, and their softening behavior was 

investigated. The influences of material strength on compression fracture zone length and tensile 

fracture energy are investigated. Results have indicated that compressive strength of cement treated 

sand is independent of the size of the test specimen and variation in fracture energy is observed. 

Keywords: Cement, Sand, Limestone powder, Compression fracture zone length, Tensile fracture 

energy 

 

 

1. INTRODUCTION 
 

 The characteristic of the ground can be improved 

in order to facilitate construction process, to permit the 

adoption of increased allowable bearing pressure or to 

reduce settlement under a given foundation loading. 

Foundations for buildings can be placed at shallow 

depth, if soil close to the ground possesses sufficient 

bearing capacity. If top soil is weak or soft, the load 

from superstructure has to be transferred to deeper and 

firm strata. For such conditions pile foundation is used.     

Another possible approach is to use ground 

improvement techniques. Mixing of sand with cement 

is one of the possible ways to improve the foundation 

conditions especially for sandy soils. This technique is 

gaining popularity these days because of its relatively 

ease of use. However, long term behavior of cement 

treated sand has not yet been clarified. 

 Cementation plays a significant role in the 

engineering behavior of soils, and has been investigated 

by engineers around the world. Cement content does 

increase the peak strength of the treated soil, it also 

increases the stiffness thereby reducing the strain at 

which failure occurs [1]. Mechanical properties of most 

cement stabilized soils change over time; therefore the 

time-related performance of such treated soils is 

essential in understanding their durability and 

long-term effectiveness [2].  

 The viscosity of cement-based material can be 

improved by decreasing the water/cementitious material 

ratio or using a viscosity-enhancing agent. It can also 

be improved by increasing the cohesiveness of the paste 

through the addition of filler, such as limestone powder. 

The use of limestone powder improves the properties of 

fresh and hardened concrete such as workability [3]. 

For a fixed water content, high powder volume 

increases interparticle friction due to solid–solid contact. 

This may affect the ability of the mixture to deform 

under its own weight and pass through obstacles [4]. 

 When concrete fails, damage usually 

concentrates in a narrow region in the structure. The 

localization behavior can influence the structural 

behavior, especially the post-peak behavior. Therefore, 

the fracture zone and the localization behavior have to 

be clarified for accurate understanding of the structural 

behavior up to the failure.  

 Strain softening of concrete occurs when 

microcracks which begin before the peak strength 

coincides to form a zone of damage (Fig. 1), 

weakening the concrete, so its load carrying capacity 

starts diminished, which ultimately leads to complete 

collapse. Additional deformation of zone of damage 

weakens it further and continued softening occurs. 

When specimen is short, damage appears to be 

concentrated in entire length.  

 

 

 

 

 

 

 

 

 

 

Fig. 1 Fracture zone length 
 

 Specimen geometry and boundary conditions 

will also affect the strain softening behavior because 

they affect the size and shape of fracture zone relative 

to overall specimen; investigating these influences is 

beyond the scope of experimental work presented here.  

 In the softening region, the damaged or fracture 

zone continues to strain while the undamaged zone 

elastically unloads. The undamaged zone only exists if 

the length of the specimen is greater than the damaged 

zone length. In the compression damage zone or failure 

zone model proposed by Markeset and Hillerborg, the 
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softening behavior in the damaged zone is due to a 

combination of longitudinal tensile cracking and the 

formation of a localized inclined shear band [5]. The 

relationship between compression fracture zone length 

(mm) and compressive strength of concrete (MPa) is as 

follows [6]:  
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 This paper describes the compression fracture 

zone length and tensile fracture energy of cement 

treated sands. A method to measure the compression 

fracture zone length and tensile fracture energy for 

cement treated sands is presented. 

      

2. EXPERIMENTAL APPARATUS AND 
PROCEDURE 
 

 The experiments were carried out under 

controlled loading conditions and the total average 

strain is measured externally by using transducers 

which were set between loading plates. Test variables 

were W/C = 100, 130, 150, 170, 190 %, C/S = 30%, 

and L/C = 130% by weight. These ratios were selected 

after trial experiments. The diameter of specimens was 

kept constant as 100 and 150mm, and height to 

diameter (H/D) ratio is varied from 1 to 4. W/C is 

varied in order to study the failure mechanism of high 

strength and relatively weaker cement treated sand.  

 In order to investigate the internal behavior and 

strain distribution of cement treated sand, strain gauges 

were attached to a specially made silicone bars which 

are placed at the center of the specimens and were kept 

straight with the help of wires of strain gauges. Silicone 

has very less stiffness (Young’s Modulus about 0.4 

GPa) as compared with cement treated sands, so it has 

less effect on strain gauges attached to it (Fig. 2). 

 

 
 

Fig. 2 Strain gauges attached to silicone bar 
 

 Unconfined compression tests were performed 

for curing period of 7 and 14 days. Curing is done by 

covering the specimens with wet clothes. Poorly graded 

sand (uniformly-graded) passing 5mm sieve was used 

having coefficient of uniformity and curvature about 

2.2 and 1.0 respectively which was calculated 

according to Unified soil classification system [7]. The 

water absorption of sand was 1.32%. The density of 

sand, cement and limestone powder was 2.63, 2.70 and 

3.16 g/cm
3
 respectively, and density of specimen was 

about 2100 kg/m
3
. Sand was first mixed with limestone 

powder and then with cement and finally water is added 

to the mix. Limestone powder was used to increase the 

viscosity of the paste and to make the mix more 

workable. The moisture which was already present in 

the limestone powder is ignored in the mix design.  

 Though, cement treated sand can bear 

compressive load but due to its plastic nature it 

undergoes volume change while performing 

compression test. Therefore, area correction was 

applied while calculating compressive strength of such 

cement treated sands. Corrected area, A is given as: 
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 Ao is initial average cross-sectional area,  is 

average axial strain for given axial load (expressed as 

decimal) and it is calculated as: 
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  Ho is initial height of test specimen and ΔH is 

change in height of specimen.  

 Cyclic uniaxial compression test was performed 

by applying cyclic loads to the specimens in order to 

investigate the compression fracture zone and failure 

mechanism of cement treated sands. Splitting test on 

150 x 150 mm specimens were carried out for different 

W/C ratios in accordance with ASTM [8]. 

 100 x 100 x 400 mm beam specimens with 

central notch of 30mm were made to measure the 

tensile fracture energy (Gft), and three point bending 

tests were carried [9] as shown in Fig. 3. The load was 

measured by using load cell and crack mouth opening 

displacement (CMOD) was measured with the help of 

two clip gauges attached to the specimen. The total 

number of specimens tested for determination of 

compressive strength, compression fracture zone length, 

notched beam test and splitting test were 144, 21, 25 

and 10 respectively. 

 

 

 

 

 

 

 

  

 

 

 
Fig. 3 Test specimen (mm) for Gft determination 
 

3. RESULTS AND DISCUSSIONS 
 

3.1 Uniaxial Compression Test 
 Compressive strength for 14 days curing period 

of cement treated sand is summarized in Table 1. 

Development of strength with curing time for W/C ratio 

of 130 and 150% is shown in Fig. 4 and 5 respectively. 

It can be seen from the results that the compressive 
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strength is independent of the size of the test specimens 

for cement treated sands. 
 

Table 1: Compressive strength (MPa) of curing 
period of 14 days for different W/C ratios and 
diameter (a) 100mm (b) 150mm 

 

(a) 
 

W/C 

(%) 

Specimen height (mm) 

100 200 300 400 

100 21.15 20.14 18.89 17.98 

130 10.92 10.37 10.13 9.38 

150 7.22 6.65 6.96 6.06 

170 4.76 4.81 4.36 4.12 

190 3.19 3.47 3.76 3.71 
 

(b) 
 

W/C 

(%) 

Specimen height (mm) 

150 300 450 600 

100 18.40 18.76 -* -* 

130 9.45 9.12 9.19 10.59 

150 5.76 6.18 5.18 5.28 

170 4.10 3.71 3.56 3.42 

190 3.10 3.26 -* -* 

-* specimen not casted 
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(b) 
 

Fig. 4 Compressive strength for W/C = 130% of 
specimens having diameter (a) 100 mm (b) 150 
mm 
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(b) 
 

Fig. 5 Compressive strength for W/C = 150% of 
specimens having diameter (a) 100 mm (b) 150 
mm 
 

 Strain corresponding to peak stress (14days) for 

such cement treated sands is about 0.003. Young's 

modulus (E) for 14 days curing period for specimen 

having 100 mm diameter using W/C = 100 % is about 6 

GPa and was calculated according to ASTM [10] (Fig. 
6). The behavior of cement treated sand was initially 

linear and then becomes nonlinear at high strain level. 
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where: 
 

E = chord modulus of elasticity, psi 

S2 = stress corresponding to 40% of ultimate load 

S1 = stress corresponding to a longitudinal strain of 

50 millionths, psi and 

longitudinal strain produced by stress S2. 
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Fig. 6 Young’s Modulus for different W/C ratios 
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3.2 Compression fracture zone length, Lp 
  

 Cyclic compression test is performed and results 

for 100 x 400 mm specimen having 100 mm diameter 

(W/C = 100%) is shown in Fig. 7a. Numbers in circle 

are indicating the loading cycle number. Strain 

distribution internally was measured by the strain 

gauges attached to silicone bar which was placed at the 

center of the test specimen and were attached to data 

logger for recording the strains (Fig. 7b). 
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(b) 
 

Fig. 7 (a) Uniaxial cyclic load test on a 100 x 400 
mm specimen of W/C = 100% (b) Internal strain 
distribution of a 100 x 400 mm specimen 
  

 The techniques to measure the compression 

fracture zone length directly for concrete are suggested 

by Nakamura et al. [6] and later by Lertsrisakulrat et al. 

[11]. In this study the comparison of both techniques 

were carried out and suitable procedure for cement 

treated sand is suggested. According to Nakamura et al. 

[6] compression fracture zone length can be defined as 

the increasing zone of the local strain from the test 

results.  

 However, Lertsrisakulrat et al. [11], suggested 

determination of compression fracture zone length 

based on the quantification of energy absorbed 

throughout the specimen height and compressive 

fracture zone is defined as the zone in which the value 

of Ainti is larger than 15 percent of Aint. Where Ainti is 

the energy absorbed in each portion of the specimen 

and Aint is total energy absorbed throughout the 

specimen. Strain distribution for each loading cycle is 

shown in Fig. 7(b). Based on the concept of Nakamura 

et al. [6], compression fracture zone length of this 

specimen is about 200 mm as fracture zone can be 

identified from higher strain zone. 

 Local stress strain curve measured from inside 

the specimen for uniaxial cyclic test of W/C = 100% 

(100 x 400mm) specimen is shown in Fig. 8. It can be 

seen from local stress strain curve that some part shows 

increasing trend of strain (softening behavior) whereas 

some parts shows unloading behavior which 

distinguishes between fracture zone and unloading part. 

Fig. 8c shows the failed specimen. It can be seen from 

this figure that it is difficult to identify the fracture zone 

from outside of the specimen.  

 The method suggested by Lertsrisakulrat et al. 

[8], seems not feasible for cement treated sand or 

weaker material as the fracture zone may consist of 

small fracture energy. Fig. 9 shows energy consumed 

throughout the height of specimen 100 x 400 mm (W/C 

= 100%) calculated from local strain distribution. By 

using the method suggested by Lertsrisakulrat et al. 

[11], compression fracture zone length comes out to be 

about 155 mm which is smaller than the actual 

compression fracture zone length measures from the 

local strain distribution which is about 200 mm. 

However, if compressive fracture zone is defined as the 

zone in which the value of Ainti is larger than 5 percent 

of Aint then the fracture zone can be identified correctly. 
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(a) Local Stress Strain curve 

 

                               
 

 

 

Fig. 8 Distinction between failure and unloading  
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Fig. 9 Evaluation of Compression fracture zone 
length based on local energy concept 
 

 Effect on compression fracture zone length with 

different H/D ratio for 100 mm diameter specimen is 

shown in Fig. 10a. It can be seen that compression 

fracture zone length increases with the height until it 

reaches to a constant value of about 250 mm. Based on 

the test results (Fig. 10b) following equation is 

proposed for the estimation of compression fracture 

zone length (mm) from compressive strength (MPa) of 

cement treated sand: 
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 In conclusion of test results of different height 

specimens, it is found that strain localization only 

occurs in those specimens having height more than Lp. 
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(b) 

                      

Fig. 10 Compression fracture zone length variation 
with (a) height (b) compressive strength 
  

3.3 Tensile fracture energy, Gft 
 Cement treated sand are highly plastic which 

makes it possible to bear the uniaxial compressive load 

even after failure in tension. Specimen (150 x 150 mm) 

was first failed in tension by performing splitting test 

and then uniaxial compression test was performed on 

same specimen (Fig. 11). At splitting failure, the 

specimen not splits in half because of its plastic nature. 

The purpose of such tests was to get an idea that how 

cement treated sand will behave in compression after 

failure in tension. The difference in compressive 

strength of the specimen with and without prior failure 

in tension is about 10 %. This indicates that such 

cement treated sands are good in their application 

against cyclic loading as they can bear some load even 

after failure in tension. Variation of splitting tensile 

strength with compressive stress of cement treated sand 

is shown in Fig. 12.  
 

 

 
 

 

Fig. 11 Compression and tension test on same 
specimen 
 

 For concrete, splitting tensile strength can be 

estimated by using the equation proposed by Raphael et 

al. [12].  
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Fig. 12 Compressive strength ~ Splitting strength 
 

 The total amount of energy absorbed in tension 

test to failure is the tensile fracture energy, Gft. Not only 

the tensile strength but the tensile behavior at fracture is 

very important. Three point bending tests were carried 

[9]. The load and CMOD curve is shown in Fig. 13 and 

effect of W/C ratio on tensile fracture energy of cement 

treated sand is shown in Fig. 14. Tensile energy 

computed from these tests can be used for modeling of 

cement treated sand in tension. The tensile fracture 

energy comes out to be very small even for high 

strength cement treated sand as compared with concrete 

because of absence of coarse aggregate. 
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Fig. 13 Load CMOD curve for different W/C ratios 
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Fig. 14 Variation of tensile fracture energy with 
different W/C ratio 
 

4. CONCLUSIONS 
 

 A series of uniaxial cyclic compression tests and 

notch beam tests were carried out in order to investigate 

the softening behavior of cement treated sand. Based on 

the test results, following are the conclusions:  

 

(1) Maximum compressive stress of cement treated 

sand is independent of the size of the test 

specimen. 

(2) Strain localization only occurs in those 

specimens having height more than Lp.  

(3) The test results show that the compression 

fracture zone length increases with the height of 

the specimen and then it becomes constant to a 

height of about 250 mm.  

(4) Tensile fracture energy of such cement treated 

sand is very small because of absence of coarse 

aggregates. 

(5) Suggested relationship between compression 

fracture zone length and compressive stress will 

be helpful in analyzing the behavior of cement 

treated sands. 
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