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Abstract

Grille-type steel plate concrete composite shear wall (GSPCW) is an innovative shear wall
system consisting of steel faceplates, steel tie plates and infilled concrete. Compared with tra-
ditional steel plate concrete composite shear wall, GSPCW has the following advantages: 1)
high buckling resistance, and 2) simple structural measures and convenient construction. This
paper presents a numerical study of the GSPCW using DIANA software and comprehensively
investigates the influence of varying design parameters on the seismic performance. First,
DIANA models are established for considered GSPCW specimens and validated through
comparing numerical results with previous test data. The verified model is further used to
perform a parametric study to understand the influence of several design variables on seismic
behavior of GSPCW, including steel ratio, axial load ratio, height-width ratio, aspect ratio of
grille as well as concrete compressive strength. Results indicate that the former four parame-
ters have remarkable impacts on seismic behavior of GSPCW: 1) The load and deformation
capacity of a GSPCW increase significantly as the steel ratio increase; 2) The load capacity
and ductility increase to a certain degree with increase of axial load ratio, however exces-
sively high axial load ratio may have a negative impact on ductility behavior, 3) The load ca-
pacity and stiffness of a GSPCW decrease with the increase of height-width ratio; 4) The
aspect ratio of grille has a hooping effects on the infilled concrete, which should be reasona-
bly considered during design; 5) Compared with other parameters, the influence of concrete
compressive strength is negligible. The conclusion from the parametric study might be uti-
lized for engineering practice of GSPCW in future.
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1 INTRODUCTION

Steel plate concrete composite shear wall is a shear wall formed by arranging steel plates
on one or both sides or inside of the concrete slab, and combining the two materials through
shear nails or bolt tie rods on the steel plate. According to the different steel layout of steel
plate concrete composite shear wall, it can be roughly classified into three types, single-sided
steel plate concrete composite shear wall, double-sided steel plate concrete composite shear
wall and embedded steel plate concrete composite shear wall [1]. Domestic and foreign schol-
ars currently have conducted many researches on various steel plate concrete composite shear
walls. The previous researches indicate that steel plate concrete composite shear wall has
higher load carrying capacity, larger stiffness, better ductility and energy dissipation capacity
[3,4,5].

To further improve the seismic behavior of steel plate concrete composite shear wall, W.
Xu [6] proposes grille-type steel plate concrete composite shear wall, which is consisted of
steel faceplates, steel tie plates and infilled concrete. And W. Xu has conducted a series of
researches in a certain degree.

The initial study about grille-type steel plate concrete composite shear wall is carried out
by X. Guo [7]. He analyzes the influence of different factors on the seismic behavior of grille-
type steel plate concrete composite shear wall with embedded corrugated steel plate through
experimental research and numerical simulation. The results indicate that the out-of-plane de-
formation of steel plates on the both sides of the shear wall is restricted due to the existence of
concrete slab and ties of corrugated steel plate, thereby improving the out-of-plane buckling
resistance of steel plates in the shear wall. Then T. Xu [8] and S. Ye [9] further improve the
structure of grille-type steel plate concrete composite shear wall to replace the embedded cor-
rugated steel plate to single independent steel plate. They find the new type of the shear wall
has good seismic performance.

The two-dimensional numerical model of the grille-type steel plate concrete composite
shear wall (abbreviated as GSPCW) is established in DIANA based on the two shear walls in
S. Ye [9]. And 18 GSPCW specimens with various design parameters are designed to system-
atically investigate the influence of design parameters on GSPCW, including steel ratio, axial
load ratio, height-width ratio, aspect ratio of grille as well as concrete compressive strength.
The conclusion will provide reference for engineering applications in future construction
works.

2 BRIEF DISCRIPTION OF PREVIOUS TESTS

This paper selects two GSPCW specimens to verify the accuracy of the simulations. The
details of the two walls and material properties are presented in S. Ye [9]. Figure 1 shows
views of the shear wall and the material properties are listed in Table 1. The tests were con-
ducted at the Civil Engineering and Transportation Building in Jiulonghu Campus of South-
east University. The two walls had the same height-width ratio of 2.0 and the axial load ratio
is the main design variable considered in the experiments. The thickness of steel faceplates
and steel tie plates is 4 millimeters. The concrete grade is C40 and the steel grade is Q235B.
The loading beam and foundation beam are reinforcement concrete beams. And there is a H
steel beam embedded in foundation beam, which is used to improve the stiffness of founda-
tion beam.

As shown in Figure 2, the test setup consists of bottom fixing device, out-of-plane support,
vertical and horizontal loading device, and loading method adopts force and displacement-
controlled loading history. The vertical load is applied by a hydraulic jack, and a steel beam is
placed on the top of loading beam to evenly distribute the vertical load. Before the formal ap-
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plication of horizontal load, the pre-load of horizontal load needs to be carried out to deter-
mine whether the loading equipment, connected equipment and data acquisition system are
normal. Then the single-stage horizontal load is applied until the specimen yields. After spec-
imen yields, displacement controlled multi-stage loading is applied until the horizontal ca-
pacity of the specimen decreases to 85% of the peak horizontal load.

Wall dimension  Steel plate Axial load  Conerete  Steel plate
No. WXT thickness  Steel channel ratio strength strength
(mm X mm) (mm) (MPa) (MPa)
GSSW-1 1400X 160 4 [16 0.1 26.6 263.2
GSSW-2 1400 X 160 4 [16 0.4 26.6 263.2
Table 1: Properties of two shear walls of previous test. [9]
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Figure 1: Details of two shear walls of previous test. (Unit: mm, adapted from S. Ye [9])
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3 METHOD OF NUMERICAL SIMULATION

3.1 Modeling assumption

Two-dimension simulation is adopted in this paper. Figure 3 presents the geometry of the
GSPCW developed in DIANA. Eight-node quadrilateral isoparametric plane stress elements
are used for the infilled concrete, steel faceplates, loading beam and foundation beam. Bar
reinforcement elements are used for the steel tie plates. The size of all elements is 50 mm. The
translation of the bottom of the foundation beam is constrained.

The FE models are loaded in two steps as the same as the experiments: 1) the vertical load
is applied to the top of the loading beam in a manner of uniform pressure, and 2) cyclic lateral
displacement is applied to the centroid of loading beam.

The modified Newton-Raphson method is used for incremental-iterative solution. The
convergence criteria combine force norm and displacement norm. Both physical nonlinear
analysis and geometrical nonlinear analysis are considered in the analysis procedure.

Figure 2: The loading process of GSSW-1.[9] Figure 3: Model of GSPCW in DIANA.

3.2 Material model

The total strain crack model available in DIANA [10] is used for the infilled concrete. The
input parameters for this model include linear material properties, crack direction and uniaxial
behavior of concrete in compression and tension. The crack direction is rotating direction.

The uniaxial behavior of concrete is represented by a stress-strain curve, see Figure 4. In
this paper, the constitute model of concrete in compression adopts the model proposed by J.
Mander et al. [11], which is applicable to both circular and rectangular shaped transverse rein-
forcement. The restraint effect of steel plates on concrete can be regarded as the restraint ef-
fect of many transverse reinforcements on concrete. The formula is as follows:

o=t (1)

r—1+x"

X=— (2)
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Where f, is compressive strength of confined concrete, ¢, is longitudinal compressive
concrete strain, f, and ¢, is the unconfined concrete strength and corresponding strain,

g, can be assumed as 0.002, E, is the tangent modulus of elasticity of the concrete,

E = 5000«} f., .The compressive strength of confined concrete f., is determined by the con-

finement effectiveness for sections confined by steel plates and calculated according to the
proposal of J. Cai [12].

The constitute model of concrete in tension is calculated according to CEB-FIP Model
1990 [13], and the formula is given by

{0.26 £ (f., <50MPa)

cu
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Figure 4: Stress-strain relationship of concrete.

The constitute model of steel uses bilinear elastic hardening model. The elastic modulus,
yield strength and ultimate strength are all base on the material properties tests. The Von Mis-
es yield criterion is used to evaluate the yield status of steel.

4 NUMERICAL RESULT AND VALIDATION

Figure 5 is the load-displacement hysteric curves of GSSW-1 and GSSW-2. The experi-
ment data of the hysteric curves is available in S. Ye [9]. And according to the hysteric curves,
it is easy to calculate the skeleton curves and the rest of the relevant data, see Figure 6~Figure
9 and Table 2. It can be seen from Figure 5 and Figure 6 that the hysteric curves obtained
from the numerical simulation are in good agreement with the skeleton curves. The magnitude
of the peak load of the numerical simulation is larger than that of the test result, because the
test specimens in actual situation have initial defects in a certain degree, and the bottom re-
straints of the test specimens cannot achieve the perfect effect of complete fixing. From the
Figure 7, the stiffness of the FE model at the beginning of loading is greater than that of the
experiment result. But as the loading continues, the difference between the two is getting
smaller and smaller, because the constraints of the specimens in experiment are not as ideal as
the constraints of FE model, so a certain error will occur at the beginning of loading, but as
the loading displacement increases, the error caused by the constraint becomes more and more
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insignificant. From the perspective of energy consumption and equivalent viscous damping
ratio, since the material in the finite element model is uniform and has no initial defects, the
energy consumption capacity of the finite element model is stronger than that of the actual
specimen.
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Figure 5: Comparison of load-displacement hysteric curves.
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Figure 6: Comparison of load-displacement skeleton curves.
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Figure 7: Comparison of secant stiffness degradation curves.
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Figure 9: Comparison of equivalent viscous damp curves.
No. L'oadi'ng F, D, F, D, D,
direction  (kN) (mm) (kN)  (mm) (mm)
Experiment 803.47 10.94 1079.54 5290  92.60
GSSW-1 P - 840.59 13.10 930.00 5540 91.90
FE model + 898.69  7.75 1078.70 20.00  75.57
- 890.34  7.52 1060.00 20.00 91.00
Experiment + 931.24 481 1223.11 26.64 66.80
GSSW-2 P - 885.27 7.55 1070.00 26.40 60.04
FE model + 101934 792  1190.00 13.00 40.07
- 1002.53 790 1180.00 14.00 35.73

Notes: Fy and F pare respectively the horizontal capacity of specimen at yield point and peak point. Dy ,

Dp and D, are respectively the horizontal displacement of loading point of specimen at yield point, peak

point and ultimate point. The ultimate point is the point at which the bearing capacity drops to 85% of the
peak bearing capacity.

Table 2: Comparison of the features points of skeleton curves.
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S PARAMETRIC ANALYSIS

In this study, a total of 18 shear walls were simulated, as shown in Table 3. In the process
of parametric analysis of numerical simulation, the values of material strength are taken in
accordance with the "Code for Design of Concrete Structures" (GB50010-2010) [14] and
"Code for Design of Steel Structures" (GB50017-2017) [15], and the rest of the parameter set-
tings are shown in Section 3. The steel ratio is defined as the ratio of the cross-sectional area
of the steel to that of the full cross-section of the specimen, and the steel ratio is reflected by
the change of thickness of the steel faceplates and steel tie plates. The height-width ratio is
defined as the ratio of the height from the top surface of the loading beam to the top surface of
the ground beam to the section width of the member. The axial compression ratio is the ratio
of the vertical load to the product of the axial compressive strength and the full cross-sectional
area. The aspect ratio of the grille is the ratio of the spacing of the steel tie plates to the thick-
ness of the wall.

Wall dimension  Height- Aspect Axial  Steel

No. WXT width Concrete ratio of  load plate Ste.el
(mm X mm) ratio grade grille  ratio thickness ratio

GSPCW1-1 1400x160 2.0 C40 1.25 0.3 3 7.2%
GSPCW1-2 1400x160 2.0 C40 1.25 0.3 4 8.9%
GSPCW1-3 1400x160 2.0 C40 1.25 0.3 5 10.5%
GSPCWI1-4 1400x160 2.0 C40 1.25 0.3 6 12.1%
GSPCW2-1 same as GSPCW1-2

GSPCW2-2 1400x160 2.0 C40 1.25 0.4 4 8.9%
GSPCW2-3 1400x160 2.0 C40 1.25 0.5 4 8.9%
GSPCW2-4 1400x160 2.0 C40 1.25 0.6 4 8.9%
GSPCW2-5 1400x160 2.0 C40 1.25 0.7 4 8.9%
GSPCW3-1 1400x160 1.5 C40 1.25 0.3 4 8.9%
GSPCW3-2 same as GSPCW1-2

GSPCW3-3 1400x160 2.5 C40 1.25 0.3 4 8.9%
GSPCW3-4 1400x160 3.0 C40 1.25 0.3 4 8.9%
GSPCW3-5 1400x160 3.5 C40 1.25 0.3 4 8.9%
GSPCW4-1 1400x160 2.0 C40 1.75 0.3 4 8.3%
GSPCW4-2 1400x160 2.0 C40 1.46 0.3 4 8.6%
GSPCW4-3 same as GSPCW1-2

GSPCW4-4 1400x160 2.0 C40 1.09 0.3 4 9.1%
GSPCW5-1 1400x160 2.0 C30 1.25 0.3 4 8.9%
GSPCW5-2 same as GSPCW1-2

GSPCW5-3 1400x160 2.0 C50 1.25 0.3 4 8.9%
GSPCW5-4 1400x160 2.0 C60 1.25 0.3 4 8.9%

Table 3: The main parameters of numerical models.

4600



T. Wang, Q. Yu, H. Wu, Y. Liu, L. Li and X. Zhang

5.1 Steel ratio

In this study, the change in the steel ratio of the specimens is reflected by the thickness
change of the steel plate: the thicker the steel plates, the greater the steel ratio of the speci-
mens. When the thickness of the steel plate is 3 mm to 6 mm, the corresponding steel ratio of
the specimen is 7.2% to 12.1%. According to Figure 10 and Table 4, the research results show
that the increase of the steel ratio can improve the bearing capacity and lateral stiffness of the
shear wall. The lateral stiffness is defined as the ratio of the bearing capacity to the displace-
ment at the yield point. When the thickness of the steel plate is increased from 3 mm to 5 mm,
the peak bearing capacity of the specimen is increased by 36.7%, and the lateral stiffness is
increased by 14.4%. Because the axial load ratio of the model is relatively small, the lateral
stiffness of the specimen is basically the full-section elastic stiffness, and the stiffness of the
concrete section accounts for a relatively large amount. Therefore, the increase in the lateral
stiffness of the specimen is smaller than the increase in the bearing capacity.

——GSPCWI-1 3mni
k=<~ GSPCW1-2 4mmy k=== GSPCWI-2 4mn
o T GSPCWI1-3 Smm . L e s s e | GSPCWI-3 Smin
5 2000 " k=== GSPCW1-4 6mm 'ﬁ 2000 B F--- GSPCW1-4 ﬁmll}
= 1000 = - = o :
g 0 - .- E 0 -_ f _
E -1000 o d E -1000 e = J
3'3(“):.1 ! B 1 - EIEEKNJF--I-I-IrI i .
2150 2100 -50 0 S50 100 150 150 <100 500 0 SO0 100 150
Lateral Displacement (mm) Lateral Displacement (mm)
(a) Hysteric curves (b) Skeleton curves
Figure 10: Influence of steel ratio on hysteric curves and skeleton curves.
No. L.oadi'ng F, y Dy F;// Dy Fp D,
direcion  (kN) (mm) (kN/mm) (kN)  (mm)
+ 927.50 8.31 111.65 1086.68  27.32
GSPCWI-1 - 914.76 8.56 106.84 1096.87  24.23
+ 1027.58  8.96 114.66 122149  28.38
GSPCWI-2 - 1025.83 9.22 111.28 123534 23091
+ 114242 9.47 120.59 135477  28.57
GSPCWI-3 - 1139.90  9.77 116.67 1370.54  23.92
GSPCW1-4 1254.05  9.86 127.16  1480.34  36.01

- 1257.48 10.25 122.73  1504.66  22.75

Table 4: Influence of steel ratio on feature points of skeleton curves.

5.2 Axial load ratio

The variation range of the axial load ratio of the test specimens is 0.3 to 0.7. The hysteric
curves, skeleton curves and feature points are shown in Figure 11 and Table 5. It can be seen
from the calculation results that when the axial load ratio is in the range of 0.3 to 0.7, the hor-
izontal bearing capacity estimated by finite element varies less, and the difference in the bear-
ing capacity of the specimens is mainly due to the dispersion of material strength. It can also
be seen from Table 5 that when the axial compression ratio is less than 0.5, the lateral stiff-
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ness of the test specimen increases with the increase of the axial compression ratio. This is
because the increase in axial load can delay the development of cracks, thereby improving the
lateral stiffness of the specimen. However, when the axial compression ratio is greater than
0.5, due to the large axial load, the specimen enters the plastic development stage in advance,
which reduces the lateral stiffness of the specimen. In general, it is recommended that in actu-
al projects, the axial load ratio of the GSPCW should be controlled below 0.5 to ensure its
good seismic performance.
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E 000 | E 000 | ) -
53[“1- L i L a1 1 E'j!["m]:'.|;|.|.|.| -
SIS0 <100 500 0 S0 100 150 SIS0 -100 S0 00 S0 100 150
Lateral Displacement {mm) Lateral Displacement {mm)
(a) Hysteric curves (b) Skeleton curves
Figure 11: Influence of axial load ratio on hysteric curves and skeleton curves.
No Loading Fy Dy Fy/Dy Fp D,
' direction  (kN)  (mm) (kKN/mm) (kN) (mm)
+ 1027.58 8.96 114.66 1221.49 28.38
GSPCW2-1 . 102583 922 11128 123534  23.91
+ 1054 .41 9.04 116.68 1253.29 24.48
GSPCW2-2 . 103689 942 11007 127451  20.78
+ 1094 .41 9.02 121.34 1280.58 21.23
GSPCW2-3 - 1081.76 941 114.93 1308.52 16.93
+ 1111.96 9.07 122.62 1300.54 19.15
GSPCW2-4 . 105532 976 108.08 1337.08  19.20
_l’_
GSPCW2-5 1141.93 8.94 127.66 1310.83 16.94

997.94 10.17 98.16 1357.47 17.34

Table 5: Influence of axial load ratio on feature points of skeleton curves.

5.3 Height-width ratio

The height-width ratio of the shear wall is one of the main factors that determines the fail-
ure type of shear wall and affects its seismic performance. The height-width ratio of the mod-
el studied in this paper ranges from 1.5 to 3.5. The hysteric curves, skeleton curves and
characteristic points are shown in Figure 12 and Table 6. It can be seen from the calculation
results that when the height-width ratio is increased from 1.5 to 3.5, its bearing capacity de-
creases by 58.3%, and its lateral stiffness decreases by 87.6%. The height-width ratio has a
distinct effect on the bearing capacity and lateral stiffness of the shear wall. This is because as
the height-width ratio increases, the failure mode of the specimen transitions from shear fail-
ure to bending failure, so the bearing capacity and lateral stiffness are reduced accordingly.
When the height-width ratio is greater than 2.0, the bearing capacity and stiffness of the spec-
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imens change slightly with the increase of the aspect ratio, and the descending segment of the
skeleton curves of the specimens tends to be flat at the post-stage of loading, and the ultimate
displacement gradually increases.

—— GEPCW3-1 1.5 —— GSPOW3-1 1.5
--- - GEPCW3-2 2 F=== GSPCW3-2 2.0
=== GEPCW3-3 2.5 - === GSPCW3-3 2.5
gl 1 R U N A, BRS¢ e N T L S R GRPOW3-4 3.0
] : GSPCW3-33.5 2 - - - - GSPCW3-5 3.9
= 1000 | = 1000 | =
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E 1000 |- E 1000 |- F
% .2 = % .2 = =
- 2000 a4 s 0 5 0 s b 5 1 3 - 2000 a4 s 0 5 0 s b 5 1 3
-150 -1 50 0 30 e 150 -150 -1 50 0 30 e 150
Lateral Displacement {mm) Lateral Displacement {mm)
(a) Hysteric curves (b) Skeleton curves

Figure 12: Influence of height-width ratio on hysteric curves and skeleton curves.

No Loading Fy D Yy Fy / D v Fp D, u

' direction  (kN)  (mm) (kKN/mm) (kN) (mm)

T 152898 640 23875 168045  16.93

GSPCW3-1 . 148894 578 25742 1583.03  19.59
102758 896 11466 122149  28.38

GSPCW3-2 C 102583 922 11128 123534 2391
+ 85224 1297 6573 96934  41.54

GSPCW3-3 i 846.54 1276 6634 95990  31.53
L 70084 1647 4431 81440 3801

GSPCW3-4 i 71752 1541 4655 77074 45.68
CSPCWAS 602.80 1970 3059 68239  43.83

- 600.84  19.58 30.69 679.11 47.92

Table 6: Influence of height-width ratio on feature points of skeleton curves.

5.4 Aspect ratio of grille

The aspect ratio of the grille refers to the ratio of the spacing of the steel tie plates to the
thickness of the wall. It can be seen from Figure 13 and Table 7 that the aspect ratio of the
grille has a certain influence on the seismic performance of the GSPCW. As the aspect ratio
of the grille decreases, the horizontal bearing capacity of the specimens increases instead.
This is because the steel faceplates and steel tie plates have a certain hoop effect on the filled
concrete. When the aspect ratio of the grille increases, the bond between the steel faceplates
and the inner concrete is weakened, which cannot effectively limit the out-of-plane defor-
mation of the steel faceplate, so the hoop effect is relatively weakened. The displacements at
yield points and ultimate points of the test specimens increase with the decrease of aspect ra-
tio of grille, and the deformation performance of the test specimens have a certain improve-
ment.
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Figure 13: Influence of aspect ratio of grille on hysteric curves and skeleton curves.

No. L'oadi'ng F, D, Fy/ D, F, D,

direction  (kN)  (mm) (kKN/mm) (kN) (mm)
OSPCWAL TGS kol bass 13418 1708
OSPCWA2 T g% mss 1S 120099 2410
OSPCWAS T om  di1as 124 2391
OSPCWA4 T lnioa3 oy A11ss i26sds 259

Table 7: Influence of aspect ratio of grille on feature points of skeleton curves.

5.5 Concrete compressive strength

In this study, the compressive strength of concrete was selected to be changed from 30MPa
to 60MPa, and the calculation results are shown in Figure 14 and Table 8. The results show
that with the increase of concrete strength, the horizontal bearing capacity and lateral stiffness
of the specimens have a certain increase, but the growth rate is small. This is because high-
strength concrete has a higher elastic modulus. Compared with other research variables, the
compressive strength of concrete has less influence on the seismic behaviors of GSPCW.
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Figure 14: Influence of concrete compressive strength on hysteric curves and skeleton curves.
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No Loading Fy Dy Fy/Dy Fp Du

' direction  (kN)  (mm) (KN/mm) (kN) (mm)

T 97668 9.06  107.81 1160.86 3247

GSPCW5-1 ] 92729 836 110.88 1099.01  26.52
102758 896  114.66 122149 2838

GSPCW>-2 _ 102583 922 11128 123534 2391
106895 892 119.80 127068 3337

GSPCWS5-3 . 105747  9.04 11698 1272.84  24.41
CSPOWSA 110441 890 12415 131281  30.16

- 1080.64  8.90 12146  1299.76  24.14

Table 8: Influence of concrete compressive strength on feature points of skeleton curves.

6 CONCLUTIONS

This paper mainly studies the influence of different design variables on the seismic behav-
ior of GSPCW, including steel ratio, axial load ratio, height-width ratio, aspect ratio of grille
as well as concrete compressive strength. The DIANA software was used to establish the fi-
nite element models of GSPCW, and the accuracy of the model was verified based on the pre-
vious test data. A total of eighteen shear wall models with different design parameters were
further established. By comparing their hysteric curves, skeleton curves and feature points, the
following conclusions were drawn:

1) To increase the steel ratio of the section can significantly increase the horizontal bearing
capacity of the component, and increase the lateral stiffness of the component to a certain ex-
tent;

2) When the axial load ratio of the shear wall is less than 0.5, the bearing and deformation
capacity will be improved with the increase of the axial load ratio. But when the axial load
ratio is greater than 0.5, the increase in the axial compression ratio is more unfavorable to the
seismic performance of the specimens. Therefore, the axial load ratio of this type of shear
wall below 0.5 is expected in actual projects.

3) As the height-width ratio of the shear wall increases, the failure mode of the shear wall
gradually develops from shear failure to bending failure, and the bearing capacity and lateral
stiffness of the component decrease rapidly.

4) The aspect ratio of the grille is a meaningful design parameter to determine the hooping
effect of the steel plate on the infilled concrete. The smaller the aspect ratio of the grille, the
stronger the constraint on the infilled concrete, so the concrete compressive strength is higher,
thereby the horizontal bearing capacity of the specimen is developed. In the actual practice,
the influence of the aspect ratio of the grille on the seismic performance of the component
should be reasonably considered.

5) Compared with other design parameters, concrete compressive strength has little-to-no
effect on the seismic performance of GSPCW. The horizontal bearing capacity and lateral
stiffness of specimens improve slightly with the increase of concrete strength.
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