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Effect of mortar water content in the properties of masonry 
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ABSTRACT: Water content affects mortar and masonry properties however, it is often determined 

by the mason assessing mortar workability. This can lead to lack of consistency and variable masonry 
performance. This paper investigates the compressive, flexural and bond strength and stiffness of 
brick masonry bound with natural hydraulic limes (NHL2, 3.5 and 5), hydrated lime (calcium lime-
CL90s) and cement-lime mortars with two different water contents (those required to produce a 165 
and a 170mm initial flow) both delivering an adequate workability. Increasing water content by 0.6-
1.3% generated the required 5mm flow increase. It was found that this water increment generally 
improves the compressive/flexural/bond strength and stiffness of the cement-lime and NHL masonry 
whereas it adversely affects the properties of CL masonry. The results also indicate that varying water 
content affects brick masonry stiffness, bond and flexural strength to a greater extent than 
compressive strength; and that the impact of water content on masonry compressive/flexural/bond 
strength and stiffness reduces as the hydraulic strength of the mortars increases. Furthermore, 
varying mortar water content within the range specified in this research generally has a greater effect 
on the mechanical properties of masonry in the first 28 days of curing than it does at 6 months.  

Keywords:  compressive and flexural strength, flexural bond strength, elastic modulus, initial flow, water 

content, workability. 

1 INTRODUCTION  

Mortar water content largely impacts mortar properties and therefore the quality of the resultant 
masonry. It can have a stronger influence on mortar properties than binder type or the nature of the 
aggregate: Pavía and Toomey [1] state that mortar porosity, density and water absorption are more 
significantly affected by water content than by aggregate quality. Excessive water lowers a mortar’s 
mechanical strength and increases the risk of fracturing by shrinkage. Water excess can also render a 
mortar too fluid to be workable and weaken adhesion at the mortar-masonry interface, thus lowering 
bond strength. Chemical problems such as mortar leaching can also be related to water excess.  

Water content is often determined by the mason assessing workability: when the mortar is workable it 
is deemed that it contains an adequate amount of water. Masons experience often leads to durable 
masonry however, it has been noted that small variations in mortar water content significantly impact 
mortar properties: according to Costigan and Pavía [2], increasing water content of NHL2 mortar by 
1% yields a 5mm increase in initial flow and a significant increase in compressive strength (a 24% 
increase at 28 days and a 37% increase at 56 days). This significant variation with a little water 
increment can lead to a lack of consistency and field performance which adversely affects the large 
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scale uptake of lime mortars into new building and mainstream technology (some construction firms 
and local authorities do not use/advice lime mortars because they fear lack of consistency).  

Water content cannot be universally specified for site works due to differences in the composition and 
nature of aggregates, binders and additions as well as differences in the material moisture content 
determined by the environment and storage. As a result, adding the same amount of water to a 3:1 
lime mortar in two different building sites can produce mortars with different properties, workability 
and performance. However, making mortars flow to a constant specific diameter in a flow table can 
ensure consistency in the amount of water added, avoiding variation in mortar properties and 
providing consistent field performance. A practical research project to control mortar water content 
using a flow table on site is currently on-going between Trinity College and the Office of Public Works. 

Mortars should contain a maximum amount of water consistent with good workability [3]. Pavía and 
Hanley [4] agree, stating that to optimise masonry bond strength, mortars should be mixed to the 
maximum initial flow that still yields an adequate workability; and that for NHL2, this flow is close to 
165 mm; for NHL3.5 slightly below 185 mm, and for NHL5 it equals 185 mm. The influence of water 
content on the flexural and compressive strength of NHL mortars was studied by Hanley and Pavía 
[5]. The authors concluded that to optimize mortar strength, NHL3.5 and 5 mortars should be mixed to 
attain a high (185mm) flow whereas NHL2 mixes require a significantly lower value (165mm). This 
paper furthers the above research by investigating the compressive, flexural, bond strength and 
stiffness of brick masonry bound with natural hydraulic limes (NHL2, 3.5 and 5), hydrated lime 
(CL90s) and cement-lime (M6) mortars; with water contents to produce 165 and 170mm initial flows.  

2 MATERIALS AND METHODS 

2.1. Materials 

Mortars were made with hydraulic limes of feeble, medium and eminent hydraulic strength (NHL2, 3.5 
and 5) complying with EN 459-2 [6] and a siliceous aggregate (particle size distribution ranging within 
the standard limits - EN196–1 [7]). Moulded, frogged, fired-clay bricks were used to build the 
masonry. The brick properties are included in Table 1.  

2.2. Mixing and curing; initial flow and workability  

Water content is the main contributor to workability and determines the mortar’s initial flow, a 
measurement that takes into account variables such as porosity, size/shape of aggregate, binder type 
and aggregate/binder which affect workability. The mortars were mixed with two different amounts of 
water required to attain two flows (165±3 and 170±3mm) measured in accordance with EN459-2 [8], 
and the water content reported as the ratio of water to total mortar by mass. Mixing, curing and 
storage was in accordance with EN 459-2. A binder: aggregate ratio of 1:3 by weight was kept 
constant. Masonry wallettes and prisms were constructed in accordance with the relevant parts of 
EN1052 [9, 10, 11] for compressive, flexural and bond strength respectively. 

 

Table 1. Brick characteristics  

Property          (Testing standard EN  771) [12,13,14]  

Compressive Strength (N/mm
2
) ≥ 12 

Elastic Modulus (N/mm
2
) 1240 

Water absorption (%) Max 15 

Unit size (mm) / Size tolerance  215 x 102.5 x 65 /T2 - R1 

Gross / net density (kg/m
3
) 1630/ 1920 

Initial rate of absorption  (kg/m
2
/minute) 1.0 
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2.3. Mechanical properties of mortar  

Compressive (Rc,) and flexural (Rf,) strength were determined using Equations 1 and 2 [6, 7]. Where: 
Fc is the max load at fracture (N); 6400-area of the face (mm); Ff -load at fracture (N); b-prism section 
(mm); l -distance between supports (mm). The mortar’s elastic modulus in both compression and 
flexion were determined from stress vs strain curves. The modulus of elasticity in compression was 
found using Equation 3. Where: єc is the strain; σc - stress; d0 - original depth of the prism (mm) and 
di-d0 - change in prism depth. Equation 3 was also used to determine the modulus of elasticity of 
masonry. The modulus of elasticity in flexure was found using Equation 4 [11]. Where: σf is the 
flexural stress (N/mm2); εf is the strain; m the slope of the linear stress-strain plot and D the deflection 
in mm. 
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2.4. Properties of masonry 

Lateral variable displacement transducers recorded strain during compression [9]. 
Equations 5 and 6 were used to determine the compressive (fi) and characteristic 
compressive strength. Where: fi,max-max load (N); A-loaded cross-section (mm2). Bond 
strength was determined with five-brick-high bonded prism stack [11].  

i

i
i

A

F
f

max,
  (N/mm

2
)                                  (5) 

2.1

f
fk  or min,ik ff    (N/mm

2
) whichever is smaller           (6) 

The flexural strength was calculated for planes of failure parallel and perpendicular to the 
bed joints according to the methodology and equations in EN 1052–2 [10]. 

3 RESULTS AND DISCUSSION 

3.1. Water demand of the different binders 

The amount of water required to produce the prescribed initial flows (165 and 170 mm) was 
determined for each mortar (Table 2). Both flows delivered an adequate workability for all mortars 
however, outside these limits, workability was poor; either too stiff or too fluid for masonry 
construction.  
As expected, there is a clear relationship between the mortar water demand and the hydraulic 
strength of its binder: at both flows, water demand increases as the hydraulic strength of the binder 
drops (the non-hydraulic, hydrated lime (CL90-s) requiring the greatest amount of water to achieve 
the prescribed flows)-Figure 1.  
According to the results (Table 3), in general, a 3-7 % increase in water:binder ratio (i.e. an 
approximately 0.6-1 % rise in water content) will increase the initial flow from 165 to 170 mm. The 
CL90s mix has the greatest initial water demand however, it requires less additional water than most 
of the higher strength binders to increase flow by 5mm. 
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Table 2.  Mortar water demand and initial flow. COV-coefficient of variation. W:b  water:binder. 
 

Mortar Cement/ 

lime/sand 

Cement 

(g) 

Lime 

(g) 

Sand 

(g) 

Water 

(g) 

Initial   

flow-mm 

COV % Water  

(%) 

W:b 

ratio 

NHL 5      0:1:3      0      4500 13500      2975     165     0.71 16.53 0.66 

NHL 5 0:1:3 0 4500 13500 3150 170 1.28 17.50 0.70 

NHL 3.5 0:1:3  0 4500 13500 3300 165 0.66 18.33 0.73 

NHL 3.5 0:1:3  0 4500 13500 3400 170 1.01 18.89 0.76 

NHL 2 0:1:3  0 4500 13500 3650 165 0.73 20.28 0.81 

NHL 2 0:1:3  0 4500 13500 3890 170 0.90 21.61 0.86 

CL90-s 0:1:3  0 4500 13500 4350 165 0.73 24.17 0.97 

CL90-s 0:1:3  0 4500 13500 4500 170 0.88 25.00 1.00 

M6 1:½:4 2860 570 13840 2650 165 0.79 15.34 0.77 

M6 1:½:4  2860 570 13840 2750 170 1.23 15.92 0.80 

 
 

 
Figure 1.   Water demand of mortars at two different flows. 

 
 
Table 3.   Percentage water increase and water:binder ratio to raise flow from 165 to 170 mm. 
 

Mortar ratio cement/ lime/sand %Water content increase  %W:b increase  
NHL 5 0:1:3 0.97 6 

NHL 3.5 0:1:3 0.56 3 

NHL 2 0:1:3 1.33 7  
CL90-s 0:1:3 0.83 3 

M6 1:½:4 (v) 0.58 4 
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3.2. Influence of water content on mortar properties  

In general, the results show that increasing mortar water content within workable limits (to raise flow 
by 5 mm) produces stronger, stiffer mortars except for the cement-lime mortar which drops stiffness at 
late stages. Tables 4-6 summarize the effect of increasing water content on mortar strength and 
stiffness. It was expected that, in the mortars with hydraulic properties, the water increment would 
enhance hydration producing more abundant hydrates which contribute to strength thus leading to 
stronger mortars. However, the increase of strength and stiffness of CL mortar with increasing flow 
suggest that increasing water content within workable limits also improves carbonation. 
The mortars generally display significant compressive strength improvements resulting from flow 
increase (Figure 2). Calcium lime mortar (CL90-s) displays the greatest increase in compressive 
strength (from 0.62 to 1.29 N/mm2-Figure 2/Table 4) due to a 0.83% rise in water content (Table 3). In 
addition, significant increases can be seen in both flexural strength and stiffness of CL90-s mortar as 
a result of increasing flow (Tables 5 and 6 respectively). 
The compressive and flexural strength of the cement-lime mortar (M6) improves by 27 and 17% 
respectively at 28 days (Tables 4 and 5) as a result of a 0.58% increase in water content (Table 3). 
However, the mortar stiffness slightly reduces in the long term (Table 6).  
Natural hydraulic lime mortars NHL 5 and 3.5 gain 10-13% compressive strength in the first 28 days 
(Figure 2/Table 4) as a result of increasing water just under 1%. Meanwhile, a 1.33% water increase 
in NHL 2 mortar leads to a 15% increase in compressive strength. This is consistent with Hanley and 
Pavía [5] who reported a compressive strength increase of 8-16% for NHL 3.5/5 mortars due to 
increasing flow. The results also agree with previous authors who reported comparable compressive 
strength variations related to water content [15,16,17,18,19]. 
Increasing water content has a greater impact at earlier stages (up to 56 days) (Tables 4-6) reducing 
over time as hardening and stiffness develop. For example, the compressive strength of NHL 3.5 and 
NHL 5 mortars increase by 10 and 13% respectively after 28 days (11 and 16% after two months), but 
only by 3 and 4% respectively after 6 months. Similarly, they display gains in stiffness of 51 and 11% 
respectively at 28 days, which reduce to 34 and 5% at 6 months.  
Gains in mortar compressive strength due to water increase are generally coupled to increases in 
flexural strength and stiffness (Tables 4-6). However, there are exception such as the cement-lime 
mortar which increases strength and reduces stiffness and the NHL 2 mortar which increases 
compressive strength but slightly drops flexural strength and elastic modulus. These anomalies 
together with several high COVs (Table 7) suggest some testing inconsistencies. 
 

 

Mortar 

type 

Mix 

ratio 

Curing time 

28 d 56 d 6 m Ave. 

M6 1:½:4 27 % 7 % -3 % 10 % 

NHL 5 0:1:3 13 % 11 % 3 % 9 % 

NHL 3.5 0:1:3 10 % 16 % 4 % 10 % 

NHL 2 0:1:3 15 % 3 % 19 % 12 % 

CL90s 0:1:3 108 % 71 % 44 % 74 % 
 

Figure 2.  Effect of water content on the compressive 
strength of mortar  

Table 4. Percentage change in mortar 
compressive strength as a result of the 5mm 
flow increase. 
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Mortar 

type 

Mix 

ratio 

Curing time 

28 d 56 d 6 m Ave 

M6 1:½:4 17  7  17   14  

NHL 5 0:1:3 5  16  12   11  

NHL 3.5 0:1:3 32  37  6  25  

NHL 2 0:1:3 -27  -7  -17  -17  

CL90s 0:1:3 6  27  21  18  
 

Figure 3. Effect of water content on the flexural 
strength of mortar. 

Table 5. Percentage change in mortar 
flexural strength due to 5mm flow increase.  

 

Mortar 

type 

Mix 

ratio 

Curing time 

28 d 56 d 6 m Ave 

M6 1:½:4 0  -2  -3  -2  

NHL 5 0:1:3 11  5  5  7  

NHL 3.5 0:1:3 51  72  34  52  

NHL 2 0:1:3 -11  -22 -2  17  

CL90s 0:1:3 71  83  50  68  
 

Figure 4. Effect of water content on the elastic 
modulus of mortar. 

Table 6. Percentage change in mortar elastic 
modulus due to the 5mm flow increase. 

Table 7.   Coefficient of variation range of mortar strength and elastic modulus. 
 

Mortar COV Compressive strength % COV Flexural strength % COV Elastic modulus % 

NHL 5 2-5 6-17 6-23 

NHL 3.5 4-9 5-36 11-27 

NHL 2 3-13 5-15 3-31  
CL90-s 3-27 2-12 9-28 

M6 4-17 4-23 6-16 

 

3.3. Influence of water content on masonry properties  

The properties of masonry are determined by mortar strength and deformability [20]; the difference in 
the elastic properties of unit and mortar [21] and the strength of the bond [22,23,24,25]. Authors give 
more importance to one or another however, these variables are closely related and masonry strength 
is probably determined by a close combination of all. The results support this, as they indicate that 
varying mortar water content (and thus mortar strength and the mechanics of the bond) affects the 
properties of masonry. The results indicate that varying water content impacts masonry stiffness, 
bond and flexural strength further than compressive strength; and that the impact tends to be greater 
in the first two months of curing. Furthermore, there is a good correlation between the evolution of 
masonry strength and bond strength on increasing water.  
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In the lime mortar masonries, the stiffness of the brick (1240 N/mm2-Table 1) is greater than that of 
the lime mortars which range from 70 to 700 N/mm2 (Figure 4) while the cement-lime mortar can be 
stiffer than the brick (900-1600 N/mm2- Figure 4). Therefore the stiffness of the brick can partially 
mask the influence of the mortar’s strength on the strength of the masonry. 
 
Masonry compressive strength and elastic modulus 
Increasing mortar strength generally enhances masonry strength therefore, as the mortars improve 
strength when raising water, stronger masonry was expected. The strength and stiffness of NHL and 
cement-lime masonry improved however, those of CL mortar masonry reduced. This can be attributed 
to the water excess enhancing carbonation of CL mortars but simultaneously damaging bond 
development (the greatest losses shown by the flexural strength parallel to the joints, bond wrench 
test and elastic modulus support this hypothesis). 
The stiffness, bond strength and flexural strength of cement-lime masonry improve on increasing 
water content (Tables 8-12). In contrast, early compressive strength is not significantly affected (no 
change at 28 days and only a 2% difference at 56 days) however, at 6 months there is a 9% 
compressive strength improvement (Table 8) resulting from increasing water.  
NHL masonry improves compressive strength when the mortar’s water content grows. However, the 
strength increase is smaller at greater hydraulic strengths (e.g. at 28 days, the compressive strength 
of NHL 2 masonry increases by 18%, NHL 3.5 by 9% and NHL 5 by only 4% -Table 8). This inverse 
relationship remains consistent over time.  
The results also indicate that mortar water content affects masonry stiffness, an important property as 
it determines the masonry’s ability to deform and accommodate movement. Table 9 illustrates that the 
stiffness of cement-lime masonry is sensitive to small changes in water content: a 0.58% water rise 
(Table 3) results in a 12% gain in masonry stiffness at 28 days and a 25% increase at 56 days. NHL 
mortar masonry also displays significant improvements in stiffness (19-36%) whereas CL mortar 
masonry experiences a considerable drop (26%) in stiffness due to a rise in flow.  
Masonry stiffness is more sensitive to changes in mortar water content during early curing. For 
example, improvements in masonry stiffness are greater throughout the first 56 days of curing: NHL 5 
and NHL 3.5 masonry gain 10 and 20% respectively at 28 days however, by 6 months, the increase in 
stiffness is barely evident at 2 and 1% (Figure 6 and Table 9).  

 
Masonry bond (wrench test) and flexural strength  
As expected, masonries which gain compressive strength and elastic modulus with increasing mortar 
water content, also exhibit improved bond and flexural strength, while a reduction in compressive 
strength and elastic modulus is coupled to a reduction in bond and flexural strength.  
The bond strength of NHL and cement-lime masonry increases significantly with additional water 
however, CL90 masonry is negatively affected (Figure 7). NHL 5 and NHL 3.5 masonries display the 
greatest response at 28 days, gaining bond by 33 and 39% respectively as water is increased (Table 
10). In contrast, CL masonry shows a consistent bond strength drop (2-10%) over time.  
The results indicate that the influence of water content on the flexural strength of masonry (both 
parallel and perpendicular to bedding joints) is comparable to the effect which increased water 
content has on bond and compressive strength: cement-lime and NHL mortar masonry generally 
improve while CL mortar masonry is adversely affected (Tables 11 and 12) and (Figures 8 and 9).  
Furthermore, the flexural strength of masonry tends to be more sensitive to variations in water content 
during early curing (up to 56 days) (Tables 11 and 12) which is consistent with previous observations 
for bond and compressive strength. This indicates that water can be increased within the workable 
range (165-170 mm) to improve early strength, bond and stiffness thus improving the building pace, 
without adversely affecting the long-term strength, stiffness and durability of the masonry. 

4 CONCLUSION 

 
The results agree with previous research stating that mortars should contain a maximum amount of 
water that still yields a good workability. The outcomes suggest that a small variation in mortar water 
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content (within workable limits) leads to substantial variations of mortar and masonry strength 
therefore, it highlights the importance of establishing a site method to keep water content constant. 
The results also indicate that mortar water can be increased within the workable range to improve 
early strength, bond and stiffness thus improving the building pace, without adversely affecting the 
long-term strength, stiffness and durability of the masonry. 
It has been evidenced that masonry properties are affected by mortar water content (and thus mortar 
strength and the mechanics of the bond) therefore, masonry strength is determined by variables 
including mortar strength/deformability, bond strength and the elastic properties of unit and mortar. 
The improvement of NHL and cement-lime mortar and masonry properties can be attributed to 
increasing water enhancing mortar hydration (thus resulting in more abundant early hydrates which 
contribute to early strength and stiffness) and improving the bond between brick and mortar. 
Mortar and brick masonry properties improve with increased flow (except for CL90-s masonry). 
However, mortar gains are significantly greater than masonry gains over the same timeframe. This 
can be attributed to the greater stiffness of the brick partially masking the influence of mortar. 
Varying water content seems to impact masonry stiffness, bond and flexural strength further than 
compressive strength; and the impact tends to be greater in the first two months of curing.  
 

 

 

Mortar 

type 

Mix 

ratio 

Curing time 

28 d 56 d 6 m Ave 

M6 1:½:4 0  -2  9  2  

NHL 5 0:1:3 4  5  6  5  

NHL 3.5 0:1:3 9  9  10  9  

NHL 2 0:1:3 18  24  23  22  

CL90s 0:1:3 -1  71  -15  18  

Figure 5.  Effect of water increase on the 
compressive strength of masonry 

Table 8.  Percentage change in the 
compressive strength of masonry due to the 
increase in initial flow 

 

 

Mortar 

type 

Mix 

ratio 

Curing time 

28 d 56 d 6 m Ave 

M6 1:½:4 12  25  8  15  

NHL 5 0:1:3 10  6  2  6  

NHL 3.5 0:1:3 20  36  1  19  

NHL 2 0:1:3 7  19  7  11  

CL90s 0:1:3 -22  -26  -7  -18  
 

Figure 6.  Effect of water increase on the 
elastic modulus of masonry 

Table 9.  Percentage change in the elastic 
modulus of masonry due to the flow increase.  
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Mortar 

type 

Mix 

ratio 

Curing time 

28 d 56 d 6 m Ave 

M6 1:½:4 10  6  4  7  

NHL 5 0:1:3 33  37  8  26  

NHL 3.5 0:1:3 39  19  8  22  

NHL 2 0:1:3 18  33  12  21  

CL90s 0:1:3 -2  -10  -6  -6  
 

Figure 7.  Effect of water increase on the 
bond strength (bond wrench test) of 
masonry. 

Table 10.  Percentage change in the bond 
strength of masonry due to the flow increase. 

 

 

Mortar 

type 

Mix 

ratio 

Curing time 

28 d 56 d 6 m Ave 

M6 1:½:4 28  15  13  19  

NHL 5 0:1:3 9  9  18  12  

NHL 3.5 0:1:3 7  4  0  4  

NHL 2 0:1:3 13  29  9  17  

CL90s 0:1:3 -18  -31  -34  -28  
 

Figure 8.  Effect of water increase on the 
flexural strength of masonry (Type 1 - 
parallel to bedding joints). 

Table 11.  Percentage change in the flexural 
strength of masonry due to the increase in initial 
flow (Type 1 - parallel to bedding joints). 

 

 

Mortar 

type 

Mix 

ratio 

Curing time 

28 d 56 d 6 m Ave 

M6 1:½:4v 16  4  14  11  

NHL 5 0:1:3 3  4  17  8  

NHL 3.5 0:1:3 10  1  9  7  

NHL 2 0:1:3 2  19  7  9  

CL90s 0:1:3 -6  0  0  2  
 

Figure 9.  Effect of water increase on the 
flexural strength of masonry (Type 2- 
perpendicular to bedding joints). 

Table 12. Percentage change in the flexural 
strength of masonry due to the increase in initial 
flow (Type 2 - perpendicular to bedding joints). 
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